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Much interest has been generated in extraction uranium from the ocean – the world’s 
largest uranium reserve. This dissertation describes the development and seawater testing of a 
polymeric adsorbent for uranium based on radiation-induced grafting.  
 Among all monomers and polymeric substrates tested, grafting of the monomer bis(2-
methacryloxyethyl) phosphate (B2MP) onto Winged nylon fabric was determined to produce 
adsorbents of the highest degrees of grafting. Degree of grafting was optimized by irradiating at 
a range of dose rates and total absorbed doses and by varying monomer concentration, solvent, 
purging gas and radiation source. Both the University of Maryland’s Co-60 gamma irradiator and 
1-9 MeV pulsed LINAC were utilized.  
 The grafted adsorbents were tested for uranium extraction capacity using a 233U 
radiotracer in synthetic seawater at natural (3.3 ppb) uranium concentrations. It was determined 
that adsorbents of degrees of grafting between 75 and 100% obtained the highest distribution 
 
 
coefficients for uranium. Kinetic studies revealed an increase in 233U concentration on the 
adsorbent over the course of 4 hours after which time a steady-state was reached. Correlation of 
this data with kinetic models indicated pseudo-second order kinetics, suggesting the rate-limiting 
adsorption mechanism as chemical complexation between 233U and the phosphate-containing 
adsorbent. Overall, the highest performing adsorbents obtained distribution coefficients of 1.2 × 
104 mL/g and 233U loadings of 1.0 × 10-2 mg-U/g-adsorbent. These values were a result of 
performing the extractions at 3.3 ppb 233U, a concentration several orders of magnitude lower 
than those reported in similar studies.  
 The chemical changes that occurred upon grafting were investigated with FTIR and 
Raman analysis of virgin, irradiated and B2MP-grafted Winged nylon. Characterization of the 
grafted adsorbents with SEM revealed a unique morphology for the grafted fabrics that has been 
attributed to the precipitation of homopolymer from the solvent during irradiation. SEM/EDS 
analysis of a grafted adsorbent contacted with 233U-spiked synthetic seawater revealed the 
presence of several elements abundant in seawater, indicating that competition between uranium 
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Chapter 1. Introduction 
 
1.1 World Uranium Resources 
 
Earth’s uranium resources are no longer sufficient for another century of nuclear power 
plant operation at present-day capacity. Due to ever-increasing global demand, the world’s 435 
nuclear reactors currently in operation require approximately 67,990 tonnes of uranium per year 
[1].  With conventional world-wide uranium resources estimated at only 5,327,200 tonnes, this 
allows for less than 80 years of reactor operation without exploration of highly cost-prohibitive 
ores [2]. Although this exploration is predicted to double the known reserves of uranium, these 
low-grade or difficult-to-access ores are likely to be challenging and expensive to obtain, 
resulting in an increase in costs that may rise to levels that make alternative methods of uranium 
collection more technically, economically and environmentally feasible.  
 
1.2 Existing Technologies 
 
Research and development in the recovery of uranium from seawater has been ongoing in 
multiple countries since the 1960’s. Early efforts such as titanium oxide adsorbents, ion 
exchange resins and bio-adsorbents showed poor selectivity for uranium, slow loading kinetics, 
high energy use and premature material degradation under seawater conditions (see Section 2.2). 
In 2009, researchers of the Japan Atomic Energy Agency (JAEA) completed the first large-scale, 
in-ocean uranium adsorption experiment composed of amidoxime ligands radiation-grafted onto 
polyethylene fabric [3]. Two extraction configurations were tested – the first being a floating 
2 
 
cage filled with stacks of adsorbent fabric and the second being an array of 30-m-long braided 
fiber adsorbents moored to the sea floor. In both configurations, the extraction process was 
driven by wave and tidal motion. Although the overall uranium yield was very low, this 
groundbreaking effort suggested that an increase in extraction efficiency could allow this 
technology to become technically and economically feasible. 
Amidst a resurgence of interest in the extraction of uranium from seawater, the U.S. 
Department of Energy initiated a national effort to improve upon and surpass the capabilities of 
the technology developed by the JAEA. Participating institutions included, but are not limited to, 
Oak Ridge National Laboratory, The University of Idaho, City University of New York, The 
University of Alabama, Pacific Northwest National Laboratory and The University of Maryland, 
College Park. These groups approached the challenge from many angles, with several teams 
focusing on the synthesis of ligands for uranium, some performing economic analysis and others 
developing novel sorbents or processes for elution and regeneration. 
The work presented in this dissertation is based partially upon a proposal funded by the 
Department of Energy – Nuclear Energy University Programs, aimed to develop adsorbents 
based on the radiation grafting of phosphate monomers onto polymeric fabrics. An alternative to 
the complex amidoxime-based ligands, phosphate-containing compounds are used extensively 
for extracting uranium during the reprocessing of nuclear fuel and, if successfully grafted to a 
polymeric substrate, could presumably perform the same role in seawater conditions. Potential 
applications of the proposed work include the extraction of uranium or other valuable minerals 





1.3 Dissertation Objectives and Summary 
 
Described in this dissertation is the complete synthesis of radiation-grafted adsorbent fabrics 
including materials selection, optimization, testing and characterization of the products. 
Ultimately, the goal of this dissertation was not to produce the highest-performing adsorbent, but 
rather to develop a functional and practical adsorbent for uranium by using a procedure that is 
easy, inexpensive and environmentally-friendly in an effort to improve the economic viability of 
such technology.  
The objectives of this dissertation are as follows: 
• Select and test phosphate-containing monomers for radiation-induced grafting onto 
polymeric substrates 
• Select and test polymeric fabrics for radiation grafting and radiation-induced degradation 
• Determine radiation grafting conditions required to produce adsorbents at a range of 
degrees of grafting 
• Develop a method for testing the efficiency of the grafted adsorbents in seawater at 
natural uranium concentrations  
• Characterize grafted adsorbents to analyze chemical composition, physical properties and 
morphology 
The literature review and experimental work performed for this thesis were aimed at 
answering the following questions: 
• Which combination of monomer and polymeric substrate produces the greatest range of 
degree of grafting? 
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• Which polymeric substrate produces the highest degrees of grafting with the least 
radiation-induced degradation? 
• How can the behavior of free radicals produced on these substrates be utilized most 
effectively? 
• How does the choice of solvent affect the grafted product? 
• How do the absorbed dose, dose rate and temperature affect the grafted product? 
• Does the source of radiation (electron beam or gamma) affect the grafted product? 
• What are the effects of oxidative degradation on the grafted adsorbents and how can this 
be prevented? 
• What are the kinetics and mechanisms of grafting under different conditions? 
• Can characterization prove that the monomer is actually grafted to the substrate? 
• What are the mechanisms and effects of homopolymerization of the monomer in different 
solvents? 
• What range of degree of grafting produces adsorbents with the highest distribution 
coefficients for uranium?  
• What are the kinetics of uranium removal from synthetic seawater using the grafted 
fabrics? 







The materials developed in this dissertation come with several limitations, which could be 
further investigated through the suggestions mentioned throughout the document.  
Uranium extraction experiments were performed in synthetic seawater prepared according to 
ASTM Standard D 1141, the composition of which does not include microbes or trace elements 
(below a concentration of 0.005 mg/L) that would otherwise be present in real seawater [4]. This 
means that a reduction in extraction efficiency due to biofouling or competition from trace 
elements is not accounted for during testing of the grafted fabrics. Although the synthetic 
seawater was continuously stirred throughout the experiments at 650 rpm, it is not expected to 
accurately represent the tidal motion of the sea and could over or under-represent these effects.  
Extraction experiments were performed at near-natural concentrations (~3.17 × 10-6 g/L) of 
uranium at the expense of a realistic pH.  Experiments were performed at a pH between 6 and 8 
because the only 233U tracer available was in the form of 1M uranyl nitrate. At a pH of 8.2, the 
dominant uranium ion in seawater is uranyl tricarbonate (UO2(CO2)34-). The difference between 
the natural and experimental pH could mean that the experimental results could improve or 
worsen if the pH is changed to represent natural seawater accurately. Should this work be 
continued, an experiment to determine the effect of pH on extraction performance on pH should 
certainly be a priority. 
Analysis with SEM and confocal Raman microscopy revealed an unexpected surface 
morphology for the di-acrylate phosphate monomer B2MP grafted onto Winged nylon fabric in 
water and ethanol. Although a mechanism is proposed to explain some aspects of the observed 
behavior, an attempt was not made to further investigate the phenomenon through modelling, 
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experimentation or additional characterization. Some techniques which may assist in this 
analysis are proposed.  
 
1.5 Dissertation Outline 
 
This thesis will begin with a literature review describing the history of uranium extraction 
from sea water, the current state of the art and a strategy for developing an effective adsorbent. 
The fundamentals of the interaction of ionizing radiation with matter will be discussed in order 
to prepare the reader for the topics of free radical polymerization and radiation-induced grafting. 
This will include a description of the two main grafting methods, direct and indirect grafting 
followed by a discussion of grafting kinetics, reaction mechanisms and irradiation variables. This 
section will conclude with a description of the radiotracer method used to quantify uranium 
extraction performance.  
The next portion of the dissertation will discuss the selection of grafting materials and 
describe the facilities and equipment used to perform the synthesis, characterization and analysis 
of the grafted samples. The focus of the next chapter is the development of a method to 
determine the extraction efficiency of the grafted adsorbents at natural uranium concentrations 
using a 233U radiotracer and synthetic seawater. The distribution coefficients and loading 
capacities of the adsorbents were calculated and the kinetics of uranium uptake studied.  
Finally, the observations obtained through characterization with FTIR, Raman and SEM/EDS 




Chapter 2. Background 
 
2.1 Uranium in Seawater 
 
 Uranium is the heaviest naturally-occurring element and is found in small amounts in 
rock, soil, fresh water and seawater. Natural uranium consists mainly of 238U (99.27%) with 
small amounts of 235U (0.72%) and 234U (0.0055%) and is only mildly radioactive due to the long 
half-life and low overall specific activity of its components [5]. The primary use of uranium is in 
commercial power plants, in which either natural or enriched (>0.72% 235U) uranium is utilized 
as nuclear fuel.  
Uranium is a highly-reactive element which forms many complexes in solution. The 
uranyl ion (UO22+) is stable at pH values below 2.5, while in seawater (pH 7.5-8.5), the dominant 
form is uranyl tri-carbonate (UO2(CO2)34-) [6], [7].  
 Even with an average concentration of only 3.0 – 3.3 µg/L (or 3.0 - 3.3 ppb)1 [7], the 
world’s oceans are by far the largest uranium resources on earth. The total uranium content of 
the world’s oceans has been estimated at 4.5 × 109 metric tons [3], approximately 1000 times that 
of known terrestrial ores. This resource is renewed by a constant influx of uranium from river 
sources and is balanced by the loss of uranium to seafloor sediments [8]. The estimated residence 
time of dissolved uranium in seawater is over 200,000 years [9], significantly higher than the 
ocean’s circulation and mixing times [10], suggesting that, for extraction purposes, the ocean 
may be considered a constant source of uranium. Because enrichment of uranium is necessary 
                                                             
1 Average concentration is only representative of the open ocean. It does not include marine sediments, pore water 
or river water 
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for most power applications, it is also worth mentioning that the U235/U238 isotope ratio does not 
differ between seawater and conventional ores [11].  
  
2.2 Past Research and Development 
 
Research and development in the extraction of uranium from seawater has been carried 
out in several countries since the 1960’s, particularly in the United States, the United Kingdom, 
Germany, India and Japan. The first experimental studies in uranium extraction from seawater 
involved inorganic adsorbents, namely, titanium oxide. Experiments with titanium oxide 
revealed only moderate loading capacity, slow loading kinetics, high energy use and poor 
selectivity for uranium [12], [7].  
  Interest began to increase in the 1980’s, with papers published by multiple research 
groups focusing on novel extractants for uranium. These included ion exchange and chelating 
resins [13], microbial biomass [14] and polymeric adsorbents [15]. Many of these technologies 
have been proven to be impractical for commercial use due to poor performance or high 
monetary or environmental costs, particularly for extraction methods that require pumping large 
volumes of seawater across a solid sorbent.  
Among the first polymeric adsorbents were those based on amidoxime functional groups. 
The effectiveness of amidoxime-based adsorbents for uranium sorption, verified by multiple 
studies, is due to favorable loading capacities that have been shown to yield adsorbed 
concentrations comparable to those found in conventional uranium ores [16], [17]. Over the last 
two decades, these amidoxime-based sorbents have taken the form of complexing polymeric 
resins [18], fibrous balls [19] and grafted adsorbent fabrics [20].  
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After several decades of effort by scientists and engineers across the world, a major 
breakthrough was accomplished when researchers at the Japan Atomic Energy Agency 
completed the first large-scale, in-ocean uranium adsorption experiment. Electron beam and 
gamma radiation were used to graft polyethylene fabric with acrylonitrile, which was 
subsequently reacted with a hydroxylamine solution to convert the cyano groups to the ligand 
amidoxime [21]. Large volumes of grafted fabrics were assembled into cages or woven into 
braids and placed in the Sea of Japan. Although only one kilogram of uranium was collected 
over a course of 240 days, the project indicated that large-scale extraction is not only possible, 
but that future adsorbents may have the potential to reach a level of efficiency that may soon 
render this technology economically viable. 
 
2.3 Current R&D 
 
Despite the success of the Japanese experiment, the current state of technology remains 
very cost prohibitive. In a race to develop the first economical adsorbent, several teams in the 
United States (including Oak Ridge National Laboratory (ORNL), Pacific Northwest National 
Laboratory (PNNL), The University of Maryland (UMD) and several others) received funding 
from the U.S. Department of Energy to improve upon and surpass the capabilities of the 
Japanese technology. Novel ideas presented by other teams include extraction of uranium from 
shrimp shell waste [22], the use of nanoporous carbon [23], and in the case of the proposed work, 
radiation-grafted fabrics based on phosphate.  
Outside of the Department of Energy effort, several novel attempts have also been 
published within the last few years. Researchers at the Bhabha Atomic Research Center in 
Mumbai, India performed an engineering scale study based on amidoxime chelating groups 
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radiation-grafted onto polypropylene sheets. Seawater trials were performed both in an estruary 
and at the intake and outtake canals of the coastal Tarapur Atomic Power Station. Adsorbents 
were characterized for biofouling while uranium and vanadium obtained was on the order of 10-3 
g for submergence times of two to three weeks [24].  
Many research efforts continue to improve upon the amidoxime-based adsorbent, 
however; slow uranium adsorption kinetics and poor selectivity for the uranyl ion has drawn the 
focus for new projects away from amidoxime [25]. For example, a paper published by Zhou et 
al. proposed the use of engineered proteins to sequester the uranyl ions (UO22+) from seawater 
with greater than 10,000 fold selectivity for the uranyl ion over competing metal ions [26].  
 
2.4 Developing an Effective Sorbent for Uranium 
 
 Since the inception of research and development regarding the extraction of uranium 
from seawater, the requirements and characteristics of the “ideal adsorbent” have been defined in 
an attempt to improve upon and advance existing technology. These needs have changed little 
since the 1950’s and are still applicable today despite significant technological advances.  
Optimization of the adsorbent based upon the following factors serves to increase the extraction 
efficiency and, subsequently, reduce cost.  
1)       Effective shape and physical form 
The physical form and shape of the adsorbent, even in lab-scale testing, should allow for 
effective and low-cost extraction when scaled-up for in-ocean testing. For example, titanium 
oxide and ion exchange resins were found to be impractical for large-scale extraction because 
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their geometry required the pumping of seawater, which adds to the overall energy cost and 
produces environmental concerns. 
Several concepts have been developed to optimize extraction efficiency via the use of 
wave and tidal motion using fibers or fabrics. These materials have the advantage of flexibility 
and strength as well as resistance to acids that are typically used to elute the material. A Swedish 
report published by the International Atomic Energy Agency presented a feasibility study of 
floating units composed of a sloped plane directing seawater to stacks of adsorbent bed [27]. The 
surface areas, thicknesses of the adsorbents and the length of extraction cycles were optimized to 
minimize cost, however; in-ocean testing of this concept was never performed.  
Nobukawa et al. performed a quarter-scale ocean test involving floating absorbent stacks. 
These stacks were towed by a ship at a speed of 2 knots for 30 hours and moored to a buoy to 
float for 27 days to simulate the effects of wave power [28]. As previously mentioned, 
researchers at the Japan Atomic Energy Agency performed a full-scale, in-ocean test to prove the 
technical and economic feasibility of two extraction configurations – the floating absorbent cage 
and the braided absorbent. Both configurations were based on radiation-grafted polymer fibers. 
Uranium extraction was successful with the floating stacks, however; the cost of fabricating the 
floating frames and absorbent beds were found to be highly cost-prohibitive. The cost was 
reduced 40% by the development of the braid absorbents, which were moored to the sea floor to 




Figure 1. (Left). Imaginative artificial land facility for extraction, separation and purification of 
uranium from seawater (Sugo, 1999). (Right). Configuration of braided adsorbents for uranium 
extraction (Tamada, 2009).  
 
 Ultimately, the use of polymer fabrics or fibers in a floating cage or braided absorbent 
have shown the most technical and economical promise. Although ocean-testing is not 
performed in this thesis, the materials developed have been done so with the concept of using 
one of these methods should the grafted fabrics be scaled-up.  
2)  Very high distribution coefficient  
The distribution coefficient (kd) (also called a partition coefficient) of an adsorbent serves 
to quantify the distribution of a compound between the solid (adsorbent) and the aqueous 
(seawater) phase. It is defined by the following ratio and is typically reported in units of mL/g 
(Equation 1) [29]: 
Equation 1 
kd =  
concentration of U on adsorbent
concentration  of U in solution  
 
 The distribution coefficient is a representation of the affinity of uranium for the grafted 
adsorbent compared to its affinity to seawater. Although kd is useful in comparing the 
13 
 
effectiveness of different adsorbents (say, comparing adsorbents with two different degrees of 
grafting), it must be noted that this value cannot be used to compare the performance of samples 
determined under different extraction conditions.  
 It can be demonstrated through Equation 1 that, in a laboratory setting, an increase in 
solution volume and hence, an increase in total uranium content will increase kd. Likewise, a 
decrease in adsorbent mass will also increase kd. Many parameters do not affect the distribution 
coefficient of the system. For this reason, the kd can be used to compare adsorbents tested under 
the following conditions: 
• Different values of pH 
• Different temperature 
• Different adsorbent composition 
For the purposes of this dissertation, distribution coefficients are not to be used to compare 
the performance of adsorbents in different experiments, i.e. a distribution coefficient obtained in 
a maximum loading experiment (performed in 100 mL of solution) cannot be compared to a 
distribution coefficient obtained in a temperature experiment (performed in 40 mL of solution).  
3) A high selectivity for uranium 
Over 98% of uranium dissolved in seawater is in the form of a uranyl tri-carbonate 
complex, the negatively-charged UO2(CO3)34-  [30]. This stable carbonate form exists in the 
presence of competing metal ions such as Na+, K+, Ca2+ and Mg2+, some of which have 
concentrations in seawater up to one million times that of uranium ions. An adsorbent that has 
the ability to discriminate between these competing ions and the ions of interest (and ultimately, 
retain the ion of interest) is said to have favorable selectivity. In the proposed work, selectivity is 
a characteristic of the complexing monomer. For this reason, utilizing a complexing monomer 
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with a higher selectivity towards uranium may reduce the required mass of adsorbent and, 
subsequently, decrease cost.  
4)  High loading capacity 
Loading capacity is defined as the total mass of adsorbate that can be retained by a given 
mass of adsorbent under optimal conditions [31]. Although this value is proportional to the 
number of available sites on the adsorbent surface, the presence of competing ions must be taken 
into account as these species will inevitably inhabit bonding sites. Loading of uranium is 
reported in units of mg-U/g-adsorbent or as percent mass of the total loaded adsorbent for a 
given adsorption time. The average loading reported by Tamada et al. was 1.5 g-U/kg-adsorbent 
over a 30-day collection period [12].  
5) Capacity for regeneration 
If the collection of uranium from seawater is to be considered economically competitive 
with conventional mining, it is imperative that the adsorbent fabric has the capacity for multiple 
cycles of re-use (“regeneration”). Steps in this process include rinsing or soaking the uranium-
loaded adsorbent in an eluent solution to remove the uranium, then preparing it to be returned for 
collection. A suitable eluent must meet several criteria: 1) it must effectively remove a large 
fraction of the uranium from the adsorbent fabric, 2) it must not damage the adsorbent fabric in 
the process, 3) it must not be harmful to the environment and 4) it must be economical.   
 The regeneration capacity of the adsorbents developed in this thesis was not studied and 
should be considered a logical next-step if this work is to be continued. 
6) Rapid loading kinetics 
Faster loading kinetics will result in a reduction of the required contact time between the 
adsorbent fabric and the seawater to achieve a desired level of loading. This has a direct 
15 
 
influence on the cost-effectiveness of the technology, as shorter loading times may enable greater 
overall uranium collection for a fixed amount of time. At some point during the adsorption 
process, loading is expected to reach an equilibrium, at which point it is no longer cost effective 
to continue collection. The adsorbent should then be removed from the sea for elution. 
 
2.5 Interaction of Ionizing Radiation with Matter 
 
 The behavior of interaction between radiation and matter is determined by the charge (if 
any) of the radiation, the radiation energy and the properties of the material in which it interacts. 
Alpha particles (α), beta particles (β-) and heavy charged particles are considered “directly 
ionizing” radiation, since enough energy is transferred to the target material through Coulomb 
interactions to eject an electron and produce an ion pair. Indirectly ionizing radiation includes 
gamma rays (γ), x-rays and neutrons (n), which carry no charge and therefore do not react as 
strongly with matter.  
Unlike alpha and beta radiation, which produce thousands of ionizations per incident 
particle, gamma rays produce ion pairs through one of three mechanisms: the Compton scatter 
mechanism, the photoelectric effect and pair production. The dominant mechanism is dependent 
upon the incident photon energy and the atomic number of the absorber. Free electrons produced 
through these mechanisms travel along their own track, producing secondary ionizations as they 
interact with atoms of the target material.  
 For the purposes of polymer modification, the gamma sources typically used are 
composed of Co-60 or Cs-137 radioisotopes. Consider the case of photons from Co-60 (1.17 and 
1.33 MeV) and Cs-137 (662 keV) interacting with a material of moderate (<80) atomic number. 
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Figure 2. A 1-MeV photon undergoes Compton scattering as it interacts with the target material.  
Under these conditions, the dominant mechanism of interaction is the Compton scatter 
mechanism (Figure 2). In this inelastic reaction, the incident photon collides with an electron of 










The deflected photon, now at energy hv’, continues to travel through the absorber, 
interacting sparingly until it is absorbed or escapes, while the recoil electron produces secondary 
ionizations through the Coulomb effect. It can be demonstrated from the Klein-Nishina formula ( 
 
Equation 2) that momentum and energy are conserved during Compton scattering.  
 
Equation 2 










hv = incident photon energy 
m0c2 = rest mass energy of an electron (0.511 MeV) 
Θ = photon scattering angle 
 
 It must be noted that without the ejection of the electron by the Compton scatter 
interaction, the photon itself would produce no changes in the target material. It is for this reason 
that radiation chemical reactions are based entirely on the interactions between electrons and 
matter and, ultimately, that the basic chemical mechanisms behind electron beam and gamma 
irradiation are the same, despite significant differences in dose rates and the source of radiation.  
 Accelerator-produced electron beams are perhaps the most widely used radiation source 
for grafting applications. Electrons interact with matter via Coulomb interactions and dissipate 
their kinetic energy through three interactions: excitation, ionization and Bremsstrahlung 
emission.  Excitation occurs when the incident electron transfers enough energy to the target 
atom to promote one of its electrons to a higher energy level. The electron subsequently de-
excites to a lower energy level through photon emission (fluorescence or phosphorescence) or 
the emission of an Auger electron [33], [34].  
 Bremsstrahlung, German for “braking radiation”, is emitted when the electron is 
deflected and subsequently decelerated by the electric field of a target atom. The ratio of specific 
energy loss from Bremsstrahlung to that of collisional (ionization and excitation) losses is 
dependent upon the atomic number of the absorber and the electron energy and is expressed by  











(𝑑𝑑/𝑑𝑑)𝑟𝑟𝑟 = Specific energy loss due to Bremsstrahlung 
(𝑑𝑑/𝑑𝑑)𝑐𝑐𝑐  = Specific energy loss due to collision interactions 
E = Incident electron energy (MeV) 
Z = Atomic number of the absorber  
  
Ionization reactions typically account for approximately 70% of the energy deposited by 
the incident electron [34]. Ionization occurs when the incident electron transfers enough kinetic 
energy to a target atom to exceed its binding energy, which results in the ejection of the electron 
and the formation of an ion pair consisting of the positively-charged ion and the negatively-
charged electron. A 10 keV electron may produce over 450 secondary electrons before it is 
absorbed, however; if the ejected electron has enough energy to produce further ionizations, it is 
referred to as a “delta ray” [35], [34]. 
 The primary electron slows down as it travels through matter, losing energy through 
bremsstrahlung and the through formation of ion pairs and excited molecules. The rate of energy 
loss is dependent upon the kinetic energy of the incident electron and the atomic number and 






















8 + 1 −
(Γ2 + 2Γ − 1)ln (2)�� 
Where:  
r0 = e2/mc2 = 2.818x10-13 m (electron radius) 
4𝜋𝑟02 = 10-24 m2  
m0c2 = 0.511 MeV (electron rest mass energy) 
Γ = (T+mc2)/mc2 = 1/�(1− 𝛽2) 
T = kinetic energy of electron = (γ-1)mc2 
β = v/c (where c = speed of light in m/s) 
N = number of atoms/m3 for material 
Z = atomic number of material 
z = charge of incident electron  
I = mean excitation potential of material 
 
2.6 Radiation Chemistry 
 
 Radiation chemistry is the study of the chemical changes that occur in matter subjected to 
high-energy ionizing radiation. It is understood that Coulomb interactions between an incident 
electron and the target atom results in the formation of ion pairs and excited molecules. The 
process by which these ions and molecules alter the chemistry of the system is called radiolysis.  
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 The de-excitation of excited molecules may have many consequences, with dissociation 
and bimolecular reactions being the most significant for this work. Provided that the excitation 
energy is greater than the bond dissociation energy of the molecule, the excited molecule may 
dissociate at a covalent bond to form two free radicals, represented by the following scheme 
[36].  
Equation 5 
A-B → A• + •B 
 The molecule may also undergo bimolecular reactions including electron transfer 
(Equation 6), abstraction (Equation 7) and addition (Equation 8).  
Equation 6 
A* + B → A+ + B- 
Equation 7 
A* + B-H →  A-H• + B• 
Equation 8 
A• + B=C →  A-B-C• 
 
 The ionization and excitation reactions produce a succession of primary products which 
include anions, cations, stable molecules and free radicals. Many of these products are short-
lived reactive intermediates and undergo secondary reactions to produce secondary products. The 
yield of each product is represented by the radiation chemical yield, or g-value, where G(X) is 
the number of moles of product X formed per 100 eV of energy absorbed.  
Of all the products formed, the production of free radicals is most important for this 
work. Free radicals are atoms or molecules with a single unpaired electron. Their stability ranges 
21 
 
from very reactive, such as the hydroxyl radical (•OH) formed in large quantities by the 
radiolysis of water, to stable, such as the alanine radical (CH3C•HCOO-) used in radiation 
dosimetry.  
The reaction behavior of free radicals can be classified by three fundamental steps in a 
chain reaction: initiation, propagation and termination. In the initiation step, free radicals are 
formed through the dissociation of molecules. In a system under irradiation, this occurs as 
radiation interacts with the target material to produce ion pairs and excited molecules. If the 
energy transferred to a target molecule is a greater than its bond dissociation energy, homolytic 
cleavage of a covalent bond may occur, creating a pair of radicals [37]. The net number of free 
radicals in the system increases according to the following scheme, where (•) represents a free 
radical of molecule A, B or C. 
Equation 9 
A-B → A• + •B 
 Unlike the initiation step, the propagation step involves no net change in the amount of 
radicals.  Each free radical seeks to satisfy its instability through oxidation or reduction of stable 
molecules, which causes rearrangement amongst neighboring molecules as the free radical is 
“transferred” from one molecule to the next.  
Equation 10 
A• + B-C → A-B + C• 
 The final step, termination, results in a net decrease in free radicals through radical 
recombination (Equation 11).  
Equation 11 
A• + • B → A-B 
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 The identities of the primary and secondary products, as well as their radiation-chemical 
yields and reaction rate constants are unique to each system. A detailed description of the 
radiolysis of water under electron beam and gamma irradiation is provided in Section 3.3.1.  
 
2.7 Free Radical Polymerization 
 
 Free radical polymerization utilizes the reactive nature of free radicals to produce 
polymers of high molecular weight from monomers of lower molecular weight2.  Types of 
polymer products include homopolymers, in which a single type of monomer is polymerized and 
copolymers, in which two or more types of monomers are polymerized with each other. 
Examples include homopolymers (-AAAA-), block copolymers (-AABBAA-), random 
copolymers (-AABABBB-) and graft copolymers, which are discussed in detail in the following 
section.  
In a polymerization system, the mechanisms behind the three free radical reactions 
(initiation, propagation and termination) are now expanded to include the behavior of the 
radiation-polymer system. What is now considered the “classical theory” of free radical 
polymerization was pioneered by Flory and hold true for most systems regardless of the chemical 
composition [38].  
In the initiation reaction, free radicals are generated through homolysis and immediately 
seek stability by “stealing” an electron from another molecule. In a system free of chemical 
initiators, such as in radiation-induced polymerization, the initiation step may take place in the 
solvent, the monomer or the polymeric substrate and is represented by the Equation 12. In the 
                                                             
2 A monomer is a compound that represents a single chemical unit. To form a polymer, two or more monomers are 




following reactions, (R) represents a molecule formed upon homolysis of a solvent molecule and 
kd is the dissociation rate constant. 
Equation 12 
A 
𝑘𝑑�  2R• 
  The propagation reaction may take many forms depending upon the nature of the system. 
The highly-reactive free radical may undergo a sequence of addition reactions in which 
monomer molecules are bonded to form a polymer chain which continues to grow as the free 
radical propagates along the chain through electron transfer (Equation 13, Equation 14).  
Equation 13 
R• + AB 
𝑘𝑝
�  R-AB• 
Where: 
kp = propagation rate constant 
Equation 14 
R-AB• + AB 
𝑘𝑝
�   R-AB-AB• 
 
The termination step is a recombination of two radicals, the identity of which can be the same 
species or a different species altogether (Equation 15).  
Equation 15 
2A•  
𝑘𝑡→  products 
Where: 
kt = termination rate constant 
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The previous schemes described simplified free radical reaction mechanisms that could represent 
any one of the countless number of reactions that could occur in a polymeric system under 
irradiation. Those which are of the highest importance for this work are listed in  
Table 1 and may represent either a propagation or termination reaction in which P = polymer, M 
= monomer and • = radical. 
 
Table 1. Summary of important free radical reactions.  
Hydrogen abstraction P + R• → P• + R-H 
Double-bond addition •R-CH=CH2 + H• → RCH2CH2• 
Crosslinking P1• + P2• → P1-P2 
Chain Scission P1-P2• → P1• + P2 
Homopolymerization M• + M• → M-M 
Grafting P• + M → P-M• 
P• + •M-M-M… → P-M-M-M…. 
Oxidation P• + O2 → P-O-O• 
POO • → -C=O, -OH, -COOH 
  
Although free radical polymerization can be performed through several means, radiation-induced 
polymerization is desirable for applications that require precise control over reaction conditions 
and those in which chemical catalysts and initiators are not desired. In this technique, ionizing 
radiation initiates free radical polymerization continuously through homolysis (in the presence of 
a solvent) or through scission or dissociation of a polymer chain [39]. The radiation dose and 
25 
 
dose rate can be controlled to create polymerized products through crosslinking, scission 
(degradation) or grafting reactions depending upon the materials and methods used. 
 
2.8 Radiation-Induced Grafting 
 
 Radiation-induced grafting is a copolymerization technique that uses ionizing radiation to 
impart desired chemical functional groups onto a polymeric substrate while retaining the 
properties of both constituents – often without the need for catalysts, initiators or elevated 
temperatures. Examples of applications of radiation-grafted polymers include those for the 
removal of ions from solution, ion exchange membranes [40], fuel cell membranes [41], 
hydrogels and biomaterials [42]. 
 Most relevant to this thesis is the application of radiation-grafted polymers for selective 
adsorption. Depending upon the desired function, these adsorbents typically take the form of 
grafted fibers, fabrics, films or membranes. Chelating or complexing functionality is imparted to 
the polymeric substrate by grafting functional monomers to the surface (surface grafting) or 
through the depth of the substrate (bulk grafting) [43]. In addition to ions of uranium, adsorbates 
investigated for separation using radiation-grafting of polymers include ions of mercury [44], 






A typical system for radiation graft polymerization consists of a polymeric substrate (also 
called the “polymer backbone” and often in the form of a fiber, film or fabric), one or more 
functional monomers and (possibly) a solvent. The role of the polymeric substrate is to act as a 
graft-able surface with useful mechanical properties, while the role of the monomer is to 
functionalize the substrate. The final product can be represented by Figure 3 in which the “A” 
units compose the polymeric substrate and the “B” units are the grafted, polymerized monomer 
units. 
The radiation-chemical mechanisms and associated kinetics behind radiation-induced 
grafting depend on the grafting method and the materials used. Popular grafting methods include 
indirect grafting (or” pre-irradiation method”), direct grafting (“simultaneous” or “mutual 
irradiation” method), the neat method and the peroxide method [49]. By far the most widely used 
are the indirect and direct grafting methods. Selection of the most appropriate method is 
dependent upon the materials and equipment available as well as the constraints in time and cost. 
Indirect grafting is accomplished via irradiation of the polymeric substrate in the absence 
of solvent or monomer. This can be performed under vacuum or inert gas. If the substrate is a 
Figure 3. Basic schematic of a grafted structure composed of monomer units (A) grafted to a 
polymer backbone (B). 
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semicrystalline polymer, this is often performed at a temperature below the glass transition 
temperature in order to obtain a high concentration of free radicals in the crystalline region. The 
result is a large amount of “trapped” radicals that can survive until the grafting is performed. For 
the grafting reaction, the substrate is transferred to a solution containing the monomer and 
solvent and is allowed to react.  
In this method, free radicals are created on the polymeric substrate (P  P•). Upon 
contact with the monomer, these radicals propagate through the reaction P• + M → P-M• to form 
long branches of polymerized monomer. An obvious advantage of indirect grafting is the 
minimal formation of homopolymer through the M• + M• → M-M reaction, as free radicals are 
generated only on the polymer and not in the solvent/monomer mixture.  
 A major disadvantage of the indirect method includes the need for “transfer time” 
between irradiation and grafting. The concentration of free radicals on the polymer substrate 
begins to immediately decay, resulting in the consumption and elimination of potential grafting 
sites. On the surface of the polymer, this radical decay manifests itself in crosslinking (P1• + P2• 
→ P1-P2), scission (P1-P2• → P1• + P2) or (if oxygen is present) oxidative degradation. These 
reactions minimized through rapid transfer of the irradiated substrate to the monomer solution. 
 Direct grafting is performed by irradiating the polymeric substrate along with the 
monomer. The monomer may be in the gas or liquid phase and, if in the liquid phase, is typically 
dissolved in a solvent. In this method, newly-initiated radicals can react immediately and 
multiple radical reactions occur simultaneously. In the absence of oxygen, these include radical 
formation on the surface of the polymer substrate and monomer (P  P•) (M  M•), addition to 
monomer molecules (•R-CH=CH2 + H• → RCH2CH2•), homopolymer formation (M• + M• → 
M-M), hydrogen abstraction of the polymeric backbone (P + R• → P• + R-H), graft propagation 
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(P• + M → P-M•), graft termination (P• + •M-M-M… → P-M-M-M….) and crosslinking (P1• + 
P2• → P1-P2) or scission (P1-P2• → P1• + P2) of the polymeric backbone .  
 Solution grafting is performed via the direct grafting of a monomer/polymer system in 
the presence of a liquid solvent.  The solvent serves to reduce the viscosity of the reaction 
mixture to reduce monomer-monomer reactions that may lead to autoacceleration. In the 
autoacceleration effect (also called the “Trommsdorff” or “gel effect”), an excessive increase in 
the viscosity of a monomer system due to chain propagation limits the termination reaction by 
restricting the diffusion of active chains [33]. The result is a rapid, uncontrolled increase in the 
rate of chain propagation.  In the case of bulk grafting, the solvent also enhances the diffusion of 
monomer molecules into the polymer substrate.  
 The primary advantage of direct grafting is the simplicity of and the control over the 
grafting conditions. The atmosphere of the sample (air, inert gas, N2O, etc.) and temperature of 
the irradiation are easily maintained. Radicals formed are readily consumed - not wasted by 
decay while transferring the irradiated polymer to the monomer solution. Another major 
advantage is that the direct grafting method often requires lower doses than the indirect method 
[50], [51].  
 The main disadvantage of the direct method is that the homopolymerization reaction (M• 
+ •M →M-M) may occur at a greater rate than the grafting reaction (P• + M →  P-M•), 
particularly with vinyl or acrylic monomers [33], [52]. This occurs in systems such as direct 
grafting where solvent-based free radical initiation predominates. In these cases, radical transfer 
to the dissolved monomer is quicker, resulting in a higher yield for monomer-centered radicals 
(M•) over polymer-centered radicals (P•).  
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Homopolymer is a product of monomer-monomer reactions which result in polymerized 
monomer that is not covalently bonded to the substrate. The monomer free radicals that cause 
homopolymerization reactions can be produced from chain transfer reactions from the solvent (in 
the case of direct grafting) or the substrate (in the case of indirect grafting). Homopolymer is 
often undesirable for several reasons, several of which are listed as follows.  
• The homopolymer is loosely bound to the polymer surface and may release when the 
grafted fabric is used for its intended function  
• The homopolymer must be removed through the labor-intensive and potentially costly 
process of solvent extraction that includes alternating periods of washing and drying 
• Homopolymer that is not removed will contribute additional mass to the grafted polymer, 
giving a false indication of the degree of grafting 
• Irradiations involving the use of inhibitors to control homopolymerization have been 
shown to require higher doses to compensate for their effects. This increases processing 
cost and may induce radiation damage to the polymeric substrate  
Homopolymerization can be controlled with the use of inhibitors, by swelling the polymer 
substrate with solvent, by applied a low dose rate and by irradiating the monomer in the vapor 
form [49]. In applications where homopolymer formation cannot be controlled by these methods, 
care must be taken to sufficiently wash the grafted products after irradiation to remove as much 
homopolymer as possible.  
 The mechanisms and products behind radiation-induced polymerization are highly 
dependent upon two irradiation variables – the absorbed dose and dose rate. The absorbed dose  
is the energy absorbed by matter per unit mass (1 J/kg = 1 Gray (Gy) or 100 rad), while the dose 
rate is the absorbed dose per unit time (rad/s, kGy/hr, etc.) [53].  These variables, particularly the 
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absorbed dose rate, have a profound effect on the kinetics of polymerization and grafting in a 
system initiated with ionizing radiation. These relationships are discussed further in Section 5.3.  
Although there are exceptions, a typical absorbed dose for polymer modification is 
between 1 and 100 kGy, while dose rates can vary significantly. Dose rates from Co-60 
irradiators range between 0.01 and 10 kGy/hr. Electron beam irradiation times may range from 
seconds to several hours, so dose rates used with this technology may span over five orders of 
magnitude (101 to 105 kGy/hr) and depend upon beam energy, beam shape and the geometry of 
the sample.  
 
2.9 Radiotracer Technique 
 
 A 233U radioisotope in tracer quantities was utilized to determine the relationship between 
degree of grafting and the distribution coefficient (Equation 1) of the grafted fabrics, the kinetics 
of uranium adsorption and the effects of seawater temperature on the distribution coefficient. If 
the change in concentration of uranium in a seawater solution before and after contact with the 
grafted fabric is known, the distribution coefficient (Equation 16) and percent sorption of 












kd = distribution coefficient for uranium (mL/g) 
mad = mass of adsorbent (g) 
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Vsol = volume of seawater solution (L) 
[U]i = concentration of uranium in seawater prior to contact with adsorbent (g/L) 
[U]f = concentration of uranium in seawater after contact with adsorbent (g/L) 
 
Equation 17 





Mi = mass of uranium in seawater prior to contact with adsorbent (g) 
Mf = mass of uranium in seawater after contact with adsorbent (g) 
 
Because the calculations for Equation 16 and Equation 17 require the mass of uranium 
remaining in solution after contact with the adsorbent, a technique with very low detection limits 
for uranium must be used. Elemental analysis techniques such as mass spectrometry are typically 
used to determine low concentrations. Inductively-coupled plasma-mass spectrometry (ICP-MS) 
is an extremely sensitive technique for the detection of trace elements in solution and can detect 
uranium concentrations as low as 0.1 µg/L with a working concentration range of nine orders of 
magnitude [54], [55]. Unfortunately, detection of low-level uranium concentration in seawater 
presents a significant problem. 
ICP-MS operates by pumping the liquid sample through a nebulizer to create a fine 
aerosol which is ionized with a plasma torch. To prevent signal suppression and salt buildup, a 
total dissolved solid amount of 0.2 % or less in the sample is recommended [56]. Because 
seawater possesses a total dissolved solid component of 3.5%, routine analysis of seawater is 
very challenging with this technique and it is common for ICP-MS facilities to not allow such 
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samples due to rapid degradation of the sensitive and expensive nebulizer [57]. Seawater samples 
can be pre-treated before analysis using dilution, manual pre-concentration and matrix removal, 
however; these methods are time consuming and may reduce the concentration of the analyte to 
below the minimum detectable amount.  
An alternative to elemental analysis is the radiotracer technique, in which radioactivity 
concentrations are determined with radiation detection equipment. This technique operates on the 
principal that all isotopes of a given element behave chemically in an identical manner, and that 
a single radioisotope can replace all isotopes of the element in a system with no change in 
chemical function. Common applications of radiotracers include medical imaging, tracking of 
biological and environmental pathways and the use of various radioisotopes in hydraulic fracking 
and oil exploration.  
The use of a 233U tracer for determining extraction performance of a sorbent is not novel. 
Das et al. developed a phosphate functionalized membrane for the extraction of uranium from 
seawater and tested the uranium uptake using seawater spiked to 9.54 µg/mL 233U.  Barber et al. 
utilized a 233U radiotracer to compare the selectivity of amidoxime-functionalized ionic liquids 
towards uranium, thorium and europium [58]. Yet unpublished as of this time, researchers at 
Hunter College of the City University of New York have also been using 233U to determine 
uranium uptake of solid sorbents [59].  
Quantification of 233U in seawater solution is best performed through alpha counting, 
which allows alpha particles emitted by a sample to be counted without chemical separation [60].  
Several methods of alpha counting exist; however, the low penetrability of alpha particles makes 




Liquid scintillation is a method for detecting alpha and beta radiation in a liquid sample 
and features detection efficiencies up to 100%. In this method, the liquid radioactive sample is 
intermixed and counted simultaneously with a scintillation cocktail. The cocktail is a mixture of 
solvents and detergents that contain a fluorescent component that emits a detectable photon upon 
collision with an alpha particle. A description of liquid scintillation counting can be found in 
Chapter 4.   
Using liquid scintillation, the distribution coefficient and percent sorption of uranium 
from the seawater solution can be determined by converting the mixture count rate to activity 





Chapter 3. Materials 
 
 This section describes role and behavior of the materials that compose the grafted 
adsorbent (the monomer and polymer substrate) along with those that are used in synthesis 
(solvent) and extraction testing (radiotracer isotope). The criteria for the selection and testing of 
these materials will be discussed and the available materials will be compared.   
3.1 Complexing Monomer 
 
 The monomer used in graft copolymerization should fit two criteria: 
1. The monomer must be polymerizable 
2. The monomer functionality for complexing uranium must be retained after grafting 
The ease of graft polymerization for the monomer depends first on the structure of the 
macromolecular backbone and the method of grafting. For example, grafting with anionic 
polymerization requires a copolymer backbone with specific reactive groups. For radiation-
induced grafting via the free radical mechanism, the backbone and the monomer must both be 
capable of producing reactive centers.  
 Unsaturated monomers are used in a wide range of polymerization methods including 
anionic polymerization, cationic polymerization, Ziegler-Natta polymerization and, most 
importantly, free radical polymerization [61]. These polymers contain carbon-carbon double 
bonds (vinyl bonds) which, due to their low bond dissociation energy, are easy targets for 
reactive free radicals seeking to retrieve an electron. The characteristic polymerization reaction 




Vinyl polymerization occurs when a free radical removes an electron from the double bond 
of a vinyl monomer, leaving behind a free radical. The free radical is highly reactive, and may 
then attack the carbon-carbon double bond on an adjacent monomer molecule to form a dimer. 
This reaction continues to propagate until the radical disappears via a termination reaction. The 
result is a chain of polymerized monomer which can exist on its own (as a homopolymer) or may 
react with another monomer (copolymerization).  Figure 4 shows the polymerization of a vinyl 
monomer upon interaction with a hydroxyl radical, an oxidizing species produced by the 




 The intended function of the monomer used in this dissertation is to complex uranium 
ions from an aqueous solution. Phosphate compounds are an obvious choice for uranium 
removal, due to the known affinity of phosphate compounds for uranium as demonstrated by the 
high concentration of uranium in phosphate-containing ores and the use of phosphate compounds 
for extraction of uranium from spent nuclear fuel. 
Phosphate has been mined for fertilizer on an industrial scale for over a century, with 
uranium concentrations in these ores typically between 30 and 200 parts per million and some 
 Figure 4. A hydroxyl radical and a vinyl monomer undergo vinyl polymerization. a) the hydroxyl radical 
undergoes an addition reaction with the monomer. b) the reaction propagates as the reactive center is 
regenerated to form a polymer chain 
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reserves up to 1000 parts per million [62]. Recently, phosphate-based materials are even being 
considered as a matrix for the immobilization of actinides in underground repositories [63]. 
Perhaps most relevant to this dissertation is use of phosphate-containing compounds for the 
solvent extraction of actinides from spent nuclear fuel. Tributyl phosphate (TBP) is used to 
extract uranium and plutonium during the solvent extraction stage of the PUREX process. Other 
phosphate-containing compounds using for solvent extraction of uranium include di(2-
ethylhexyl)phosphoric acid and dihexyl phosphonate, which feature a similar structure to the 
monomers used in this dissertation (Figure 5) [64].   
  
Figure 5. (Left). Tributyl phosphate. (Right). Di(2-ethylhexyl)phosphoric acid (Sigma Aldrich).  
 
The extraction of uranium from seawater using phosphate compounds, specifically, has 
already been demonstrated by Koide et al. [65] and Das et al. [66] while many research groups 
have even produced phosphate-functionalized adsorbents through radiation-induced grafting (see 
below).  
For the above reasons, monomers selected for testing possessed one or more terminal 
vinyl groups (-CH=CH2) as well as a phosphate (PO43-), phosphonate (C-P=O(OR)2) or 
phosphonic acid (C-P=O(OH)2) functional group. The structure and molecular weight of each 
monomer is listed in Table 2.  
Monomers were chosen based on availability and known capacity for grafting. A review 
of the literature has revealed radiation grafting of a range of phosphate monomers including 
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phosphoric acid, diethylvinyl phosphonate, dimethylvinyl phosphonate, bis(2-
methacryloyloxyethyl) phosphate and methacryloxyethyl phosphate, all of which are similar to 
the monomers selected for testing [67], [68], [69], [70], [71], [72].  
 
Table 2. Phosphate-containing monomers tested for grafting.  
Monomer Structure Molecular Weight 
(g/mol) 
Diethyl allyl phosphate 
 
194.17 















 Structurally, the feature that distinguishes the latter two monomers with the highest 
degrees of grafting (bis(2-methacryloyloxyethyl) phosphate and bis(2-methacryloxyethyl) 
phosphate) from the others is the presence of two terminal double bonds instead of one. Among 
the terms used to describe monomers with two or more double bonds include “polyfunctional”, 
“divinyl” or “dimethacrylate”. Polyfunctional monomers are known crosslinkers and often 
require a lower absorbed dose to generate high degrees of crosslinking for the application of 
interest [73].   
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Such monomers have been used as a branching agent in copolymerization reactions for 
the synthesis of branched and hyperbranched polymers [74], [75]. In these applications, a very 
large mole ratio of monovinyl to divinyl monomer (~30/1) is used to create star-like branched 
copolymers at low monomer conversion and randomly-branched molecules at high monomer 
conversion [75]. Similarly, polyfunctional monomers are used as additives to enhance the 
radiation copolymerization of monomers such as styrene [76]. Polyfunctional monomers, 
particularly multifunctional acrylates, are widely used in radiation curing applications where 
high grafting yields are desirable [77].  
Flame-retardant fabrics were synthesized via the UV-curing of di-methacryloyloxyethyl 
phosphates onto polyethylene terephthalate and cotton [78]. Di-methacryloyloxyethyl phosphates 
have also been the subject of many studies aiming to develop self-etching dental adhesives, 
which bond restorative material to the tooth surface by polymerizing inside of enamel 
micropores [79], [80]. With a structure similar to B2MP (the fifth monomer in Table 2), the 
radiation grafting of (mono) methacryloxyethyl phosphate has been demonstrated for biomedical 
applications [81]. Divinyl monomers have also been utilized in the synthesis of UV-curable latex 
[82]. 
Unfortunately, studies have also shown that the polymerization of polyfunctional 
monomers is complicated and can deviate from traditional theory [73], [83]. A comparison of the 
degrees of grafting obtained with several monofunctional monomers to the polyfunctional 




3.2 Polymeric Substrate 
 
 In grafted polymers, the polymeric substrate (also called “trunk polymer” or “polymer 
backbone”) is the solid polymer to which new functionalities are added through co-
polymerization with a monomer. Polymeric substrates frequently used for grafting applications 
include polyethylene, polypropylene, cellulose, fluoropolymers and nylons - any of which can be 
in the form of a film, fiber, fabric or powder [50]. Radiation-grafting of functional groups for 
uranium adsorption from aqueous solution has already been performed on fibers and fabrics of 
polyethylene [84] [20], polypropylene [20] [24] [85] and polyethylene-polypropylene blends 
[86].  
 In the presence of ionizing radiation, free radicals should be generated readily on the 
polymeric substrate, either directly or through interaction with solvent radicals. To accomplish 
this, the ideal substrate would feature reactive centers (radicals) of both high reactivity and high 
stability. In a grafting system, the radicals produced on the substrate should readily undergo 
polymer-monomer interactions, including addition (P• + M → P-M•) and graft termination (P• + 
M• → P-M). These reactions are most favorable for reactive sites with as little steric hindrance 
as possible, since this effect limits the diffusion of monomer to the substrate radicals and 
subsequently hinders grafting [51] [87].  
 In semicrystalline polymer substrates, two strategies to obtain radicals of high stability 
include irradiation at low temperatures and irradiation in the absence of oxygen [88]. The 
existence of highly-stable radicals is a requirement of the indirect grafting method. With indirect 
grafting, in which free radicals are produced on the substrate in the absence of monomer or 
solvent, the substrate must be capable of creating radicals of high stability to prevent the 
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premature termination of radicals (through scission, crosslinking or oxidation). To achieve this, a 
semicrystalline polymer is typically irradiated at temperatures below its glass transition 
temperature (Tg). This reduces the mobility of the individual polymer chains to prevent radical 
transfer and termination, effectively “freezing” or “trapping” the radicals so that they can be 
stored until grafting [89] [90]. A significant increase in the temperature of the grafted polymer 
before contact with monomer may cause the polymer to anneal, resulting in a dramatic decrease 
in free radical concentration which may be observed via electron paramagnetic resonance [91].  
Three spunbound ultra-high surface area Winged™ fabrics were obtained from Allasso 
Industries. The individual fibers that compose the Winged™ fabrics feature an oblong cross 
section with 8 to 23 deep channels running along the length of the fiber [92]. The channels serve 
to increase the surface area of the fibers to 50 g/m2 (polypropylene) and 93 g/m2 (nylon-6). For 
surface grafting, a high surface area substrate would serve to reduce processing costs and 
enhance grafting density by increasing the number sites per unit area for free radical formation 
and grafting. The presence of impurities, inhibitors or other additives in the Winged™ fabrics 




Polypropylene is a semicrystalline polymer, with isotactic propylene being the most 
common form and that with the highest degree of crystallinity (Figure 6) [93]. Desirable 
properties exhibited by polypropylene include high thermal stability, high chemical resistance, 
low density and ease of processing [94]. These and other properties are related to many factors 
including the polymer’s stereochemistry, molecular weight, crystallinity and orientation. The 
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absence of polar groups within the polymer make polypropylene strongly hydrophobic. 
Polypropylene fibers and fabrics have been the most widely used polymeric substrates for the 
uranium extraction from seawater based on radiation graft copolymerization (after polyethylene).  
 
Polypropylene was considered for this work due to its favorable properties and history of 
use in radiation grafting for uranium extraction. Although no degradation of polypropylene was 
reported by Prasad et al. [24] and Das et al. [66], even after prolonged contact with seawater, a 
review of the literature aroused significant concerns regarding the radiation stability of 
polypropylene and its potential for long-term degradation. These concerns were validated after 
observing significant degradation of Winged polypropylene upon grafting with B2MP (see 
discussion in Section 5.1.2).  
Many papers regarding the treatment of polypropylene products with ionizing radiation 
for sterilization or modification purposes have been published over the past several decades. 
Despite polypropylene’s continued use for biomedical and industrial applications that require 
irradiation of the polymer, the detrimental effects of radiation on polypropylene are well known. 
The sterilization process, for example, is performed by irradiation with electron beam or gamma 
Figure 6. Basic schematic of isotactic polypropylene 
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radiation to a minimum dose of 25 kGy [95] [96]. Even after such doses, which would cause 
only minor degradation in other polymers, polypropylene exhibits both immediate and long-term 
degradation which compromises or eliminates its compatibility with many applications [97].  
The long-term degradation manifests itself through discoloration, decomposition and 
embrittlement after irradiation (especially in air) and often results in severe degradation of the 
material over the course of weeks to months.   
Beta scission is the dominant degradation mechanism of polypropylene irradiated in the 
absence of oxygen. In this reaction, a free radical is formed at the location of the tertiary 
hydrogen. In the presence of monomer, an addition reaction may occur, resulting in graft 
polymerization. In the absence of monomer or other agents for radical transfer, the free radical 
attacks the carbon-carbon bond of the backbone producing an unsaturated bond and primary 
radical (Figure 7). Chain scission occurs, and the molecular weight of the molecule is reduced.  
 
Figure 7. Polypropylene backbone undergoing beta scission 
 
Polypropylene is well known to undergo long-term degradation after irradiation with 
gamma and electron beam both in the presence and absence of oxygen. During irradiation in the 
presence of oxygen, free radicals are formed equally in both the amorphous and crystalline 
regions of the polymer, however; the identities of the radical species differ in the two regions 
[98]. The low mobility of the chains in the crystalline region limits radical recombination and 
transfer and are therefore referred to as “trapped” radicals [99]. The alkyl radical (-
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CH2C•(CH3)CH2-) is the dominant species for both regions. The alkyl radicals in the amorphous 
region may either oxidize to form peroxy radicals (CO2•), or convert to allyl radicals (-
CH2C•(CH3)CH=CH-) and finally to the more stable polyenyl radical (CH2C•(CH3)(-CH=CH)n-) 
[98]. Radicals formed in the crystalline region migrate to the interface between the two regions 
where, in the presence of oxygen, they begin an auto-oxidative degradation reaction [100]. 
The free radicals formed in the crystalline region have significantly longer half-lives, 
which means that these radicals, particularly the peroxyl radicals, are very stable and may persist 
for weeks or months before reacting and causing chain scission [101]. This effect is particularly 
pronounced in air, in which oxidation occurs. The result is delayed degradation and 
embrittlement in the polymer [98].  
 
3.2.2 Nylon 6 
 
“Nylons” are polymers featuring recurring amide groups (-CONH-) denoted by two 
numbers that describe the components of the polymer chain. Nylons with a single number, such 
as nylon 6, are homopolymers and the number indicates the number of carbons between each 
amide. Nylon-6 is the most widely use polyamide in the U.S. and is formed through the ring-
opening polymerization of caprolactam, hence the name alternate name “polycaprolactam” 




Figure 8. Structure of nylon-6 
 
Nylon 6 is a semicrystalline polyamide. The polymer chain has two sections, the aliphatic 
region and the polar amide region (Figure 8). This produces a combination of two properties – 
chain flexibility from the aliphatic region and interchain attraction through hydrogen bonding 
from the amide region – yielding a polymer with a high melting point and a high strength and 
toughness above its glass transition temperature [103]. Nylon 6 is a hydrophilic polymer and 
features excellent resistance to most organic solvents, with minor swelling observed in alcohols 
[103].  
Nylon 6 is a hygroscopic polymer which readily absorbs atmospheric moisture to about 
3% [104]. The absorption of water has been observed to increase the toughness of the material 
and lower the glass transition temperature, however; this effect is reversible [105] [106]. For 
grafting reactions, swelling of the polymeric substrate is desirable to promote the grafting 
reaction, however; care must be taken to ensure that ingress of moisture due to humidity is 
prevented when the samples are weighed to determine degree of grafting. Swelling of nylon-6 
has shown to reduce the material’s glass transition temperature from 50 ˚C (when dry) to 0 ˚C 
(with water absorbed) [107].   
Radiation-grafting of functional monomers onto nylon 6 has been demonstrated 
previously by many researchers [108] [109] [110] [111].  Graft polymerization to produce 
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amidoxime functional groups on nylon 6,6, another polyamide, has already been demonstrated 




 In a radiation grafting system, the solvent serves many purposes including generating free 
radicals in the system, increasing the diffusion of monomer to the polymeric substrate, 
improving the uniformity of grafting, dissolving the monomer to reduce monomer-monomer 
interactions and swelling the substrate for greater penetration of grafting [49]. The choice of 
solvent in graft polymerization can affect both the grafting yields and the properties of the 
grafted product [77].   
The solvent should be tailored to the application. For example, the synthesis of 
functionalized membranes requires bulk grafting, in which case the solvent should be miscible 
with the substrate. Both the presence of the solvent and the swelling of the polymer substrate 




Water is a highly-desired solvent, both for radiation grafting and for applications (such as 
uranium extraction from seawater) that require environmental compatibility. The advantages of 
water for radiation grafting are three-fold. For one, water features a high boiling point and high 
heat of vaporization (2.26 × 103 kJ/kg) [114], which allows for prolonged high dose rate 
irradiation with electron beam that could otherwise vaporize many other solvents due to heat 
generation. Secondly, the radiation chemistry of water is favorable and well-understood. Finally, 
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polymer substrates that feature polar groups (such as nylon-6) are often hydrophilic, allowing 
greater penetration of water and dissolved monomer into the bulk of the substrate. 
Water as a solvent is favorable for applications striving for “green chemistry”. Not only 
is water non-toxic, as a replacement for organic solvents it minimizes the production of waste 
that is difficult or expensive to process [115]. Water holds another advantage in biomedical or 
environmental applications (including seawater extraction) where residue from the grafting 
process may have serious consequences. The synthesis of grafted polymers does create a 
contaminated waste stream, regardless of the solvent used.  
A significant disadvantage of using water as a solvent is its limited solubility for most 
monomers. This creates two problems. The first problem is maintaining solubility of the aqueous 
monomer solution, since traditional methods of stirring, sonication or agitation cannot be 
performed during irradiation. Secondly, even if the monomer dissolves well prior to irradiation, 
its solubility may decrease during irradiation as polymerization causes an increase in molecular 
weight.  
 Graft polymerization systems employing water as a solvent in the presence of a surfactant 
or emulsifier are termed “emulsion polymerization”, “dispersion polymerization” or “suspension 
polymerization” depending upon the solubility and components of the system. In these types of 
heterogeneous polymerization systems, the two-phase system is composed of water and the 
immiscible monomer along with a stabilizer to maintain the monomer droplets [116]. This 
creates monomer-swollen micelles of high stability [117]. In the absence of a polymer substrate, 
these methods produce spherical polymer particles ranging in size from 50 nm to 2 mm, with 
vinyl monomers producing among the largest particles [116].  
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Many publications exist regarding polymerization in emulsions, dispersions and 
suspensions, however; the literature on radiation grafting under these conditions is rather limited. 
Many efforts have concluded that water-base radiation grafting has the advantages of high 
conversion and degrees of grafting, low required doses and dose rates, high efficiency and a 
cleaner waste stream [118] [39]. The radiation-grafting of such systems has been performed on a 
variety of substrates including silk fiber [119], polypropylene [120], jute fiber [121], pig skins 
[122] and many more. Functionalized adsorbents for the removal of heavy metals from drinking 
and wastewater were synthesized via the indirect grafting method onto 
polyethylene/polypropylene nonwoven fabric in emulsion [123].  
Emulsifier-free (“soapless”) emulsion polymerization is performed in a system 
containing only the immiscible water and monomer [116]. Although there are limited 
publications on this method, it is known for producing high degrees of grafting and a product 
free of surfactants which are often challenging to remove [39]. Although micelles are not formed 
in this method, the mechanisms between emulsion and soap-free polymerization are very similar 
as nano- or micro-spheres are also formed [124].  
 The radiation chemistry of water has been well-studied due to its importance to biology, 
the environment, radiochemistry and nuclear technology. The summary of the radiolysis of water 
in the following pages are by no means comprehensive and, should a detailed description of the 
phenomenon be desired, dedicated works such as The Radiation Chemistry of Water [125] and 
Primary Products of the Radiolysis of Water and Their Reactivity [126] should be consulted.  
The energy transfer of electrons to the water molecules through which it passes first 
produces an ion pair consisting of a water cation and an electron. The product H2O+ reacts with 





H2O  H2O+ + e- 
Equation 19 
H2O+ + H2O → H3O+ + •OH 
Similarly, an excited water molecule may dissociate to produce two free radicals 
(Equation 20). 
Equation 20 
H2O  H2O* → •OH + H• 
The hydroxyl radical (•OH) is a strongly oxidizing species, while the atomic hydrogen 
radical (H•) and aqueous electron (eaq-) are reducing species [127]. The electron produced by 
ionization is rapidly solvated by molecules of water to produce the solvated (aqueous) electron 






The highly reactive hydroxyl and hydrogen radicals can react in a number of 
combinations to form the stable products H2O, H2O2 and H2. The aqueous electron (eaq-) reacts 
with H2O, H+, H, •OH and eaq- to produce additional H•, •OH, H2, OH- and H2O (Figure 9). The 
successive reactions and products of water under electron beam or gamma radiation can be 
summarized by the following reaction (Equation 21) [129].  
Equation 21 
H2O   eaq-, H•, •OH, H2, H2O2, H3O+, •O2H 
Figure 9. Time scale of events: water undergoes radiolysis to form ionization and excitation 
products [421]. “S” represents reactions between secondary products and scavenger 




Because the radical •O2 H is considered a negligible species for low-LET radiation 
(including electron beam and gamma) (Le Caer, 2011) the yields of these products are Geaq- = 
GOH = GH3O+ = 2.7; GH = 0.6, GH2 = 0.45 and GH2O2 = 0.7 in neutral pH (3 to 11) [129].  
The reactions and product yields are dependent upon pH, the presence of oxygen and the 
presence of radical scavengers. Radiation grafting applications often purge the solvent with 
nitrous oxide (N2O), a radical scavenger for aqueous electrons. If the solution is saturated, 
nitrous oxide readily scavenges aqueous electrons via the reaction in Equation 22 [36] [130].  
Equation 22 
N2O + eaq- → N2O-  
𝐻+
��  N2 + •OH + OH- 
The reaction is essentially a conversion of aqueous electrons to hydroxyl radicals, 
resulting in an overall yield of the hydroxyl radical in the system [131]. The increase in hydroxyl 
radical yield is significant to radiation-grafting systems in which this highly-reactive radical is 
utilized to promote hydrogen abstraction of the polymer substrate (P) and addition reactions 
among the monomer molecules (M) [132] [133]. These reactions are represented by Equation 23 
and Equation 24.  
Equation 23 
P-H + •OH → P• + H-OH 
Equation 24 
H2=M + OH → H2(OH)-M• 
The initial portion of the work described in this dissertation utilized water from a Direct 
Q Millipore system. Deionized water was used for the remainder of the experiments after the 
Millipore system was taken out of service.    
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3.3.2 Lower Alcohols 
 
 Methanol, ethanol, propanol and tert-butanol were selected for testing based on a 
recommendation from Polysciences, the vendor of the monomer bis(2-methacryloxyethyl) 
phosphate. Fouassier and Rabek suggests that methanol and ethanol would be the most effective 
at dissolving the monomer and promoting grafting onto the polymer substrate since small 
molecules are the most capable of swelling the polymer substrate and enhancing solubility of the 
monomer [77]. Tert-butanol, on the other hand, possesses large, bulky side groups which may 
restrict its access to the polymeric substrate and limit the grafting reactions to the surface only 
[77].   
 In addition to dissolving the monomer, the solvent must be compatible with the 
polymeric substrate. Alcohol is known to cause swelling and even dissolution of some nylons, 
included nylon 6 [103]. Nylon 6 has displayed absorption of methanol and ethanol, with 
methanol showing the highest absorption [134]. The solubility of the monomers and the degrees 
of grafting in methanol, ethanol, propanol and tert-butanol will be described in Section 5.3.1.  
 
3.4 Radiotracer Isotope 
 
For the purposes of this dissertation, the role of the radiotracer is to simulate the behavior 
of the natural uranium isotopes found in seawater while emitting enough radioactivity to be 
detected even at low concentrations. As mentioned previously, the overall specific activity of 
naturally-occurring uranium is too low to detect the range of concentrations that would be 
encountered in seawater after contact with high-performing grafted fabrics. For this reason, it 
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was necessary to perform the extraction tests in synthetic seawater (which does not include 
uranium isotopes) with the addition of a single uranium isotope in tracer amounts.  
An ideal radiotracer behaves according to three principles [135]: 
1. The radiotracer interacts with the system in a predictable and reproducible way 
2. The radiotracer does not alter or perturb the system 
3. The radiotracer must be detectable at the concentration(s) in which it will be used 
The first principle can be satisfied by selecting a tracer from among the commercially-
available uranium isotopes to ensure that the tracer will behave physically and chemically the 
same as uranium. To satisfy the second principle, an effort was made to perform all tracer 
experiments at natural concentrations of uranium and at a pH as close to seawater as possible 
(see Section 5.4.6). For all experiments, care was also taken to ensure that count rates from all 
samples were significantly above the minimum detectable activity of the system (Section 
5.4.1.5).  
The radioisotope of uranium chosen to determine the extraction efficiency of the grafted 
fabrics was selected based on the following criteria: availability, purity, specific activity and 
half-life. Commercially-available isotopes include two isotopes present in naturally-occurring 
uranium (238U and 235U) as well as the synthetic isotopes 232U, 233U and 236U. The characteristics 




Table 3. Radionuclide data for five commercially-available uranium isotopes. Data obtained from Chart 
of the Nuclides [137] and Eckert & Ziegler Isotope Products [136]. 






232U α, SF 22.36 68.9 
Purified with no daughters, 
as is 
daughters in equilibrium 
233U α, cluster decay, SF 0.00965 1.59 x 105 Calibrated solution 
235U α, cluster decay, SF 2.15 x 10-6 7.10 x 108 Calibrated solution 
236U α, SF 6.47 x 10-5 2.34 x 107 Calibrated solution 
238U α, SF 3.36 x 10-7 4.47 x 109 
In equilibrium with 234Th and 
234Pa 
 
The purity of the radiotracer must be well understood prior to its use. Materials that may 
reduce the purity of an isotope include daughter and/or granddaughter isotopes (due to decay) as 
well as parent isotopes or other isotopes that were insufficiently removed during the separation 
and purification process. These impurities may cause several undesirable effects. In particular, 
gross alpha counting with liquid scintillation detection (the method used in this work) is often 
not a suitable method for counting multiple radionuclides due to decreased energy resolution and 
the need to discriminate between peaks of different isotopes. Additionally, impurities consisting 
of short-lived radioisotopes would incur the need for decay correction. For example, a sample of 
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235U contaminated with only 1% 234U will feature an overall activity 28 times higher than 235U 
alone [136]. 
  For applications requiring the detection of low concentrations of a radioisotope, the use 
of an isotope with a high specific activity effectively lowers the minimum detectable mass 
because more radiation is emitted per unit mass. On the other hand, the use of a radioisotope 
with an unnecessarily-high specific activity could create a significant radiation hazard which 
could limit the scope of time and type of experiments performed. Specific activity can be 
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t1/2 = radiological half life (s) 
Ma = atomic mass 
 
 The radioisotopes with the highest specific activities are 232U and 233U at 2.2 x 101 and 
9.6 x 10-3 Ci/g, respectively. These specific activities are several orders of magnitude higher than 
the uranium isotopes found in real seawater (234U, 235U, 238U), which feature a combined, 
naturally-occurring specific activity of 6.8 x 10-7 Ci/g [138]. This allows detection of 
significantly smaller concentrations of uranium using 232U or 233U. This advantage is significant 
since the extraction experiments were to be performed at a concentration of only 3.2 ppb and 
55 
 
with the anticipation that small fractions of this amount must also be detected post-contact with 
the adsorbent fabrics. 
The decision between 232U and 233U was based upon the radiological half-lives of the 
isotopes. 233U has a half-life of 1.59 x 105 years, while 232U has a half-life of only 68.9 years 
[137]. With its shorter half-life, 232U was eliminated as a candidate to prevent the need to correct 
for radioactive decay and peaks from the isotope’s short-lived progeny including 228Th (1.9 
years), 224Ra (3.6 days), 220Rn (55 seconds) and 216Po (0.15 seconds) [137]. In addition, the 
gamma rays from 232U’s progeny present a significant radiation safety hazard, possibly requiring 
extensive shielding and limitations on personnel exposure [139].  
The selected isotope, 233U, decays through alpha emission (100%) and very rarely, 
spontaneous fission (< 6 x 10-11 %) or cluster decay to 24Ne and 28Mg (9 x 10-10% and 1 x 10-13 
%, respectively) and features a half-life of 159,200 years [140]. This isotope is not naturally-
occurring; rather, it is produced in a nuclear reactor by the neutron capture reaction of 232Th.  
The 233U radionuclide solution was purchased from Eckert & Ziegler Isotope Products 
(Figure 10). The solution requested was purified 200 nCi of 233U in the form of uranyl nitrate in 




Figure 10. 233U tracer stock solution received in a flame-sealed glass ampoule from Eckert & 





Chapter 4. Equipment 
 
 The development and testing of the grafted adsorbents described in this thesis involved 
the use of two radiation sources at the University of Maryland Radiation Facilities as well as 
several instruments for characterization and uranium extraction testing. The operation of each 
instrument as well as the role of each instrument in synthesizing or testing the grafted adsorbent 
will be discussed in this section.  
4.1 University of Maryland Co-60 Source 
 
 The University of Maryland’s Co-60 gamma sources include both an older 1,342 Curie 
(as of July 2009) and newer 99,874 Curie (as of July 2009) set of ten Co-60 pencils doubly-
encapsulated in stainless steel and mounted to a movable source rack. The irradiator vault 
features  a walk-in design measuring 15’ x 15’ x 10’with five feet of concrete on the south and 
east wall, four feet of concrete on the north wall (shared with the LINAC) and an 18-inch thick 
stainless steel door for entry and exit. The source drive mechanism, its associated systems and 
the irradiator vault have been custom-designed for this facility.  
The newer 99,874 Ci annular source was used for this work. This source is mounted on a 
stainless steel elevator, housed in the center of the irradiator vault under fourteen feet of de-
ionized water when not in use (Figure 11). For operation, the source is raised from the bottom of 
the pool by the elevator source drive mechanism (operated from outside the irradiator) into a 
stainless-steel top hat several inches above the water level (Figure 12). A flat stainless steel lid 
serves as both a cover for the irradiator pool as well as a workable surface for low to 
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intermediate dose rate irradiations. For the highest possible dose rate, “centerline” irradiation 
may be performed by placing small samples inside the annular source top hat. 
 
Figure 11. Schematic of the University of Maryland Co-60 irradiator. When not in operation, the 
source array rests at the bottom of a 13-ft tank of deionized water. For operation, the source is 







Figure 12. (Left): The Co-60 source array of highest activity in the shielded position. The array 
consists of ten doubly-encapsulated stainless steel pencils mounted on a movable source rack.  
(Right): The irradiator vault. In the center is the top of the water-filled storage pool. The elevator 
mechanism and source top hat are also shown in the center of the photo 
 
Unlike the LINAC, the Co-60 irradiator is a radionuclide source, which means that the 
source is always radioactive and the facility is switched between operation and non-operation 
modes through the use of shielding. The source is lowered to the shielded position when an 
irradiation is completed or when the room is entered. In this position, the source rack rests at the 
bottom of a 12-ft deep pool of deionized water which keeps radiation levels in the vault at 
background level.  
The dose rates achievable in the irradiator vault are related to the activity of the source. 
The intensity (activity) of the source decreases exponentially with time through basic radioactive 
decay (Equation 26).   
Equation 26 





Activity (t) = source activity at time “t” 
Activity (0) = source activity at time “0” 
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t = elapsed time between “0” and “t”  
λ = ln(2)/t1/2  (radioactive decay constant) were t1/2 is the radiological half life 
 
The half-life of Co-60 is 5.27 years, which allows 5-10 years of use at high-to-
intermediate dose rates. Co-60 decays first by emitting a beta particle followed by two high-
energy gamma rays of energies 1.173 MeV and 1.332 MeV to the stable isotope Ni-60 [141]. 
The electrons attenuate within short distances which make the intensity of the source 
proportional to the intensity of the emitted photons. 
 Spatially, the photon intensity decreases exponentially with increasing distance from the 
source due to scattering and attenuation of the photons by air and other materials (Equation 27). 
Dose rate characterization of the Co-60 irradiator was performed via alanine dosimetry (Section 
5.2.2.3). The dose rate at a given distance “x” from the source centerline was determined with 
Equation 27.   
Equation 27 
I(x) = I0e−µx 
Where: 
I(x) = source strength at distance “x” 
I0 = source strength  
μ = the linear attenuation coefficient  
x = distance from source 
  
The linear attenuation coefficient (µ) represents the probability of interaction between an 
incident gamma ray and the material in which it travels. When the Co-60 source is in the exposed 
position, several materials are traversed by travelling gamma rays before interaction with the 
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sample. These materials include the stainless steel top hat, air (both inside and outside the top 
hat), glass from a sample vial, the monomer solution and the Nylon 6 itself. High-Z materials 
such as lead and steel attenuate significantly more gamma rays than low-Z materials such as air 
and water.  
As discussed in Chapter 2, the Compton scatter mechanism provides a high depth of 
penetration in a sample of low Z, such as those present in the samples irradiated in this 
dissertation. The result is superior uniformity of irradiation when compared to electron beam, 
both across the surface and through the depth of the sample. Such uniformity is of particular 
importance for direct grafting, in which the photon must penetrate the wall of the glass vial and 
several millimeters of solvent before interaction with the polymeric substrate.  
Determining the total dose and dose rate received by a sample is much simpler with Co-
60 than with electron beam. Samples for irradiation may be placed at any free location inside the 
irradiator vault. A height of 8 inches above the stainless-steel cover corresponds to the center of 
the Co-60 pencils and, subsequently, the highest axial dose rate.   All irradiations for this work 
were performed at a height of 8 inches at dose rates based on the pre-existing alanine dosimetry. 
To obtain the desired total dose, the timer on the operator console is set for the desired 
irradiation time, which is determined by Equation 28.  
Equation 28 
Irradiation time [min] =  
(Total dose [kGy])





 After the entering the desired irradiation time into the timer, the source is then raised into 
the irradiator vault. At the conclusion of the irradiation, the source is lowered automatically into 
the source pool and radiation levels in the vault return to background. This allows the operator to 
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perform long irradiations, overnight if necessary, without operator intervention. This feature is 
ideal for irradiation testing applications in which a large range of irradiation times (on the order 
of minutes to hours) must be performed.  
  
Figure 13. The working surface where small samples are positioned for intermediate-to-high 
dose rates. Right: An typical high-dose-rate irradiation. The vials are placed at 8 inches vertically 
from the pool cover and 3 inches radially from the source top hat to receive 10 kGy/hr. 
 
Another significant advantage of Co-60 irradiation is the ability to irradiate many 
samples simultaneously while achieving uniform irradiation at a fixed dose rate. This is 
accomplished by placing samples in an arc at fixed distances from the source, as shown in Figure 
13. Care must be taken, however; to allow a direct line-of-sight between the source and each 
sample and also to maintain a consistent height for each sample.  
  
4.2 Varian Clinac-6 Electron Beam Linear Accelerator  
 
 All electron beam irradiations were performed using the University of Maryland’s 
modified Varian Clinac-6 (V7715) electron beam linear accelerator (LINAC). The LINAC 
63 
 
features a fixed 3-µs pulse with a variable pulse repetition rate and provides approximately 1 kW 
of beam power. Electron kinetic energies of between 1 and 10 MeV are attainable.  
Uses of electron beam radiation include medical radiation therapy, sterilization for food 
and medical products and polymer modification via crosslinking, degradation, curing and 
grafting.  Electron beam irradiation is highly desirable for polymer processing due to its high 
throughput, wide range of dose rates and precise control over irradiation variables. Because an 
electron beam accelerator is not a radionuclide source, radioactivity is only present when the 
machine is operating and no radioactive waste is generated.  
Figure 14 shows the LINAC’s accelerating beamline (right) and exit window (left). 
Radiofrequency waves accelerate electrons emitted from the anode of the electron gun until 
velocities near that of light are reached. After exiting the wave guide, electrons continue down 
the evacuated beam line where the electron beam is directed by quadrupole and steering magnets 





Figure 14. (Left): A photograph of user end of the Varian LINAC. The beam can be seen exiting the titanium 
window and immediately scattering in air. (Right): The Varian LINAC from inside the vault. Shown here is the 
accelerating waveguide, the beamline, the steering magnets and the quadrupole magnets.  
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Electrons passing through the titanium exit window begin immediate attenuation and 
scattering upon interaction with the air outside the window, producing a cone-shaped beam that 
increases in diameter with an increase in distance from the exit window. Combined with the loss 
in beam intensity with increasing distance from the window, this creates constraints with both 
dose rate and sample size that must be assessed through dosimetry to assure uniform irradiation 
of samples. Ultimately, irradiations that require high dose rates are performed closer to the beam 
window, while those requiring low dose rates or greater uniformity over a large area are 
performed further from the beam window. Figure 15 compares experimental setups for high dose 
rate and low dose rate electron beam irradiations.  The dosimetry performed for the experiments 
presented in this dissertation is described in Section 5.2.2.  
   
Figure 15. (Left): A vial for direct grafting is positioned for high dose rate irradiation with electron beam. 
The position of the sample is measured in three dimensions; from the wall, from the floor and from the 
beam window. (Right): Polypropylene fabrics are positioned for low-dose-rate electron beam irradiation. 
The samples are pressed between the plastic window and several pounds of dry ice for irradiation below 
the glass transition temperature. 
 
 Dose rates with electron beam vary significantly across the range of beam energies and 
sample positions and can range between one and six orders of magnitude higher than those with 
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Co-60 irradiation. The result is a significantly shorter irradiation time. As an example, an 
irradiation performed in this thesis to a dose of 40 kGy took four hours with UMD’s Co-60 
irradiator and less than ten seconds with electron beam at a position of 17 cm from the beam 
window. For this reason, electron beam irradiation is ideal for samples prone to oxidative 
degradation or for water-based grafting applications which require a very short irradiation time.    
 Electron beam irradiation holds a notable advantage when grafting with the indirect 
method. The high dose rate obtained with electron beam produces a large number of free 
radicals, while the short irradiation time minimizes the decay of these radicals and ultimately 
results in a higher radical concentration at the start of the grafting reaction. The high dose rate 
and short irradiation time are ideal for characterization of irradiated polymers with electron 
paramagnetic resonance, which allows an investigation into the relationship between irradiation 
conditions and the concentration of free radicals formed on the substrate.  
 On the other hand, extended irradiation with electron beam puts samples at risk for 
excessive heating due to the exothermic nature of the polymerization reaction and the high rate 
of energy deposition from the beam. Sample heating during irradiation is a particular concern for 
direct grafting applications which involve the irradiation of a solvent inside a closed container. 
Although the irradiation of water under this condition allows for several minutes of irradiation 
before boiling, volatile solvents (such as ethanol, at 78.4° C) are at risk of vaporization in a 
closed system within the time span of the irradiation. In addition, the range of dose rates that can 
be controlled through position of the sample may still be too high for low dose rate applications.  
 Another consideration when performing irradiations with electron beam is the high linear 
energy transfer (LET) of the electron beam. The high LET means that the beam is attenuated in a 
short distance, with greater attenuation in high-Z materials. This results in constraints in 
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geometry and materials to maintain a high electron flux within the desired part of the sample 
which, for the purposes of this work, is the solvent and polymeric substrate. To account for these 
constraints, samples were irradiated on-at-a-time in vials that were identical in volume and shape 
and with a sample holder that did not obstruct the path of the beam. 
 Irradiations with electron beam were performed by using the most recent dose mapping 
to determine the position of the sample (from the window) required to obtain the desired dose 
rate. A description of dosimetry and dose mapping, performed after each adjustment made to the 
steering magnets, quadrupole magnets and beam frequency, is provided in Section 5.2.2. 
Irradiations of fabric alone, such as those for EPR analysis or indirect grafting, were 
accomplished with the fabric sample centered and perpendicular to the beam. Samples irradiated 
in solvent-containing vials were performed by aligning the center of the beam with the center of 
the liquid volume in the vial, both vertically and axially. To preserve uniformity, only one 
sample was irradiated at a time.  
 For a pulsed electron beam, the dose rate is reported as “dose per 3-µs pulse”, which is 
determined by exposing a single radiochromic film to a fixed number of pulses. The total dose 
was calculated by multiplying the dose per pulse by the total number of pulses (Equation 29).  
Equation 29 





 The dose rate may be further controlled by adjusting the pulse repetition rate (PRR), 
which typically operates in a range between 50 and 300 pulses per second. The pulse repetition 
rate can be varied manually through the console or by selecting a value on the pulse generator. 
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The dose rate according to the dose per pulse and pulse repetition rate can be calculated with 
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4.3 Liquid Scintillation Counting 
 
 Detecting alpha particles emitted from a radionuclide is difficult due to the particle’s low 
penetration power. The alpha particle’s 2+ charge results in significant interaction with the 
material in which it passes, causing absorption within very short distances. This presents a 
challenge for detecting alpha particles with conventional radiation detectors in which the particle 
of interest must first escape the sample and subsequently enter a detector without being absorbed 
or scattered.  Solid alpha-emitting radionuclides are often counted by depositing the radionuclide 
onto thin metal disks and counting them in low-pressure gas proportional counters, however; the 
efficiency of such methods is diminished by self-attenuation and the technique is impractical for 
high throughput sample analysis [142] [143].   
 Due to its consistent 4-π counting geometry and unique sample form, liquid scintillation 
counting (LSC) can be used to detect alpha-emitting radionuclides with up to 100% efficiency 
[32]. LSC is ideal for high-throughput quantitative analysis of alpha emitters because the method 
is relatively easy, samples are changed automatically and high counting efficiencies are 
maintained even under conditions of severe quench [144]. This technique was originally 
developed to detect and count beta-emitting radionuclides and rapidly gained popularity since it 
68 
 
overcame the problems of self-absorption and detector window attenuation that were common 
with other methods [145]. In addition, counting samples with LSC is extremely simple and can 
be performed with little-to-no operator intervention and requires little training. 
Although the technique was developed for counting of beta-emitting radionuclides, most 
LSC equipment is also capable of counting alpha particles with even higher efficiencies. Liquid 
scintillation counting for the detection of alpha-emitting radionuclides in seawater or other 
aqueous media is performed routinely for several applications, particularly radiochemical and 
environmental analysis [146]. The literature describes measurements of a variety of alpha-
emitting radionuclides including 222Rn [147], 226Ra [148], 210Po [149], 232Th [150], 233U [151], 
234U, 235U and 238U [152] [153]. Such analysis is performed through either direct counting of the 
aqueous sample with LSC or by first pre-concentrating the radionuclide to either a) raise its 
overall mass within the counting volume or b) separate beta, gamma or other alpha-emitting 
radioisotopes.  
Sample preparation for liquid scintillation counting requires dissolving the radioactive 
sample in a fluorescent scintillation liquid, termed the “scintillation cocktail”.  Many cocktails 
are commercially available and are selected based on their capacity to dissolve the sample of 
interest while maintaining high scintillation efficiency. Generally, scintillation cocktails for 
aqueous samples contain a mixture of organic solvents, emulsifier and fluor (scintillator).  The 
liquid radionuclide sample is combined with the cocktail in a scintillation vial and shaken 
vigorously. The role of the emulsifier is to improve the solubility of the cocktail for aqueous 
samples [142]. The role of the solvent is to absorb the energy emitted by the radionuclide and 
transfer this energy to the fluor compound, which briefly enters an excited state before de-
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exciting the ground state [142] [154]. This transition releases a photon which escapes the 
scintillation vial and is detected in coincidence by a pair of photomultiplier tubes [155].  
Because the radioactive sample is mixed with the scintillation cocktail, the self-
absorption of alpha particles within the sample and the escape of particle energy from the 
detector are not concerns. For this reason, counting efficiencies of 100% can be obtained for 
high-energy beta and alpha particles in the absence of quenching or luminescence [155].  
The activity of an alpha or beta-emitting radioactive sample can be determined with 
liquid scintillation counting via several means. The instrument software may include a feature 
that directly determines the activity (“DPM values”) for several common radionuclides 
(including 3H, 14C, 35S, 32P and 45Ca) without the need for quench curves [156] [157]. 
Unfortunately, this option is only available for beta-emitting isotopes at this time. In the absence 
of this option, activity can be calculated from the sample count rate according to Equation 31 
[142].  
Equation 31 




activityv = Volumetric activity of the sample  
CRg = Gross count rate 
CRb = Background count rate 
ε = Counting efficiency 
V = Sample volume 




 The correction factor (X) includes the chemical yield, sample volume, decay factor and 
decay fraction of the sample. The counting efficiency (ε) is determined by comparing the activity 
derived from the sample count rate to the activity reported by a calibration standard. In the case 
of radiotracer work, the calibration standard is in the form of a certificate that is received 
alongside the radioisotope which states the activity and volume of the stock solution. With this 
information, the net volumetric count rate (CRv) can be determined by equation  





CRg = Sample count rate 
CRb = Background count rate 
V = Sample volume 
 
 Activity determination with liquid scintillation counting can be complicated by several 
factors, including the need to discriminate between alpha, beta and gamma events, the presence 
of multiple alpha-emitting radionuclides (due to multiple isotopes or daughter products), ultra-
low activity samples or samples exhibiting color or chemical quench [142] [155]. For radioactive 
samples containing multiple isotopes, the PERALS technique is often recommended due to its 
capacity to discrimination between the peaks of different isotopes while maintaining high energy 
resolution [155].  The PERALS technique is rather cumbersome and requires modification of a 
conventional liquid scintillation counter. Fortunately, the radiotracer experiments described in 
this dissertation were composed of a single, long-lived alpha-emitting radioisotope purified of 
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daughter products which makes them suitable for gross counting with LSC. A discussion 
regarding the activities of samples and the control of quench is provided in Section 5.4.  
Prior to counting samples, the user must define a protocol for the sample set which 
specifies the parameters used by the instrument to count the samples, process the data and 
specify the data output. Important information that should be included in the protocol includes 
the desired energy windows, sample count times, background count times and the identity of the 
isotope of interest. For most liquid scintillation counters, the counting protocol can apply 
corrections for static electricity, luminescence and color and even perform automatic subtraction 
of a background sample, delay counting of the samples, estimate the quench of a sample and 
account for the decay of short-lived species [122].  
 The counting and output parameters and variables should be optimized to maximize 
counting efficiency while minimizing counts from background. The major variables that should 
be optimized for this purpose include the energy windows, count time and sample-to-cocktail 
ratio. The minimum detectable activity, based upon the background count rate, must also be 
established.  
 The sample-to-cocktail volume ratio should be optimized to enable counting of the 
largest sample volume possible without quenching or otherwise decreasing the counting 
efficiency. This is accomplished by producing samples of a fixed activity with an increasing 
volume ratio of sample-to-cocktail, or “sample loading”. For many samples, including seawater, 
high sample loadings may create a milky, opaque emulsion that is not eliminated with shaking or 
with time. High loadings may also cause phase separation between the aqueous sample and the 
organic cocktail. The counting efficiency of these samples must be determined to investigate any 
potential effects from quenching, however; it has been demonstrated that 100% efficiency can 
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still be obtained for such alpha-emitting samples despite cloudiness or even phase separation of 
the sample [144]. The effect of sample composition on counting efficiency is discussed in further 
detail in Section 5.4.1.10. 
 The minimum detectable activity (MDA) must be determined for statistical purposes. 
When the activity of a sample is low enough that it approaches the background activity, there is a 
chance that a true count may be mistaken as a background count. Assuming a 5% risk of this 
occurrence is acceptable and the background count time is one half that of the sample count time, 
the minimum number of counts can be determined from Equation 33, which is derived from the 
Currie equation [158]: 
Equation 33 
𝐶𝑛𝑛𝑛  > 4.65�𝐶𝑏 + 1.34 
Where: 
Cnet = number of net counts (sample counts – background counts) 
Cb = Number of background counts 
 
The two major challenges with liquid scintillation counting of alpha particles are 
quenching, luminescence and the determination of low-activity samples. Quenching is any type 
of interference that decreases the efficiency of energy transfer from the radionuclide to the 
detector, most often by reducing the peak height and/or count rate [155]. The two types of 
quenching which most commonly affect the efficiency of alpha detection are “color quench” and 
“chemical quench”. Color quenching may occur in visibly-colored systems as photons emitted 
by the fluor molecules are absorbed by the colored species before escaping the sample vial [157].  
Chemical quench is the most troublesome phenomena encountered with gross alpha 
counting and may be caused by any chemical substance which decreases the intensity of the light 
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emitted from the sample [159]. Chemicals that cause this type of quench are referred to as 
“quenching agents” and can include anything from dissolved oxygen to impurities or even the 
sample itself. Seawater, for example, is a known quenching agent and this must be 
accommodated for by reducing the volume fraction of the sample immersed in the scintillation 
cocktail [160]. Other methods for correcting for or reducing quench include the method of 
internal standard, the method of external standard and the use of quench calibration curves [157]. 
Fortunately, the counting efficiency of alpha-emitting radionuclides is usually not adversely 
affected quenching and this phenomenon manifests itself through a broadening of the peak 
and/or a shift to lower energies without reducing the overall count rate [157].  
All radioactive samples were counted using a Packard Tri-Carb 3100TR liquid 
scintillation counter (Figure 16). This instrument can accommodate up to 408 samples 
simultaneously and does not require operator intervention to switch between samples. Features 
include automatic quench correction, alpha-beta separation, luminescence detection and 




Figure 16. (Left)U-233 spiked samples with increasing seawater-to-cocktail ratios. (Right):  University 
of Maryland’s Packard Tricarb 3100TR liquid scintillation counter 
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4.4 Fourier Transform Infrared Spectroscopy 
 
 Infrared (IR) spectroscopy is a popular and highly-versatile technique for the 
identification of molecules present in a sample, as well as their quantities and spatial distribution. 
FTIR, specifically, is a special type of infrared spectrometer developed to improve the speed of 
spectrum acquisition and increase sensitivity by measuring all infrared frequencies 
simultaneously [161]. 
 The popularity of FTIR is owed to its many advantages. Performing FTIR measurements 
requires little training and can be completed in only minutes and at little cost. Analysis and 
interpretation of FTIR spectra are straightforward due to the wealth of information and the 
existence of sophisticated processing and analysis software for the technique. The attenuated 
total reflectance (ATR) accessory allows for analysis of non-transparent samples that otherwise 
would require extensive and destructive sample preparation for conventional IR analysis.  
 Infrared spectroscopy is performed by passing infrared radiation, in the region of 4000 to 
400 cm-1, either through (transmittance mode) or onto (reflectance mode) a sample. The sample 
can be a solid, liquid or gas. The method used in this thesis was the reflectance mode, which 
allows analysis of samples that are too thick to transmit infrared radiation in the conventional 
(transmittance) mode. Visually, the difference between the two spectra can be typically observed 
by locating the baseline and the direction of the peaks, which start at the bottom of the spectrum 
and point upward for absorbance spectra and start and the top of the spectrum and point 
downward for the transmittance spectra. 
 Absorption of infrared radiation by the molecule may cause it to vibrate, resulting in a 
change in the dipole moment and the vibrational energy level [162]).  The vibrational behavior of 
the specific functional group is dependent upon the energy of the incident radiation and hence, is 
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reported as a peak (band) at a given wavenumber in which the vibration and its mode. Types of 
vibrations modes include bending, stretching, wagging, twisting and rocking. The intensity of 
absorption is proportional to the quantity of the molecule.  
The infrared spectrum is a plot of light intensity as a function of wavenumber of absorbed 
light in which the wavenumber is the inverse of the frequency of the electromagnetic radiation in 
units of cm-1.  The y-axis represents percent transmittance and absorbance of light by a sample 
according to Equation 34.  
Equation 34 
%T = 100 × (Is/I) 
A = log(Is/I) 
Where:  
%T = percent transmittance 
A = absorbance 
I = intensity of light leaving sample 
Is = intensity of light entering sample 
  
The concentration of molecules in a sample is proportional to absorbance via Beer’s Law 
(Equation 35): 
Equation 35 
A = εlC 
 
Where:  
A = absorbance 
ε = absorptivity 
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l = path length 
C = concentration 
 
 This relationship means that for quantitative analysis or spectral manipulation, 
transmittance spectra must first be converted to units of absorbance, which can be accomplished 
with software [163]. Peak analysis, such as identifying or comparing functional groups, can be 
performed using either spectrum type by interpreting the intensity, shape and position of the 
absorption bands.  
 The position(s) and shape of the absorption bands are vital for identifying the functional 
groups present in a sample. This can be accomplished through the use of software or by 
comparing the spectrum to a table of known infrared absorption frequencies. Information 
commonly included in such tables is the frequency at which the functional group occurs, the 
bond types and vibrational modes that occur at that frequency and information regarding the 
shape (broad, sharp, etc.) of the peak.  
 The IR spectrum contains several frequency regions in which the bands belonging to 
certain chemical bonds are located. The spectrum can be divided into three regions: the 
functional group region (4000-1300 cm-1) and the fingerprint region (1300-910 cm-1) and the 
aromatic region (910-650 cm-1) [164]. The wavenumbers included in each region are not 
definitive and are known to vary from source to source. 
The functional group region encompasses a wealth of information of significance to 
grafting of polymers, including the following. The region of highest wavenumber, about 4000-
2800 cm-1, contains bands characteristic of N-H and O-H bonds which are indicative amines and 
of water, alcohols or phenol groups, respectively.  Also in this region are C-H bonds which are 
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found in nearly every organic molecule, particularly alkanes and alkenes.  The region of 2500-
2000 cm-1 is characteristic of triple bonds, while region of 2000-1500 cm-1 is characteristic of 
double bonds including C=C, C=N and C=O.  
The region between approximately 1300 and 900 cm-1 is called the fingerprint region 
because the pattern of bands in this region is highly specific to each unique material [165]. Small 
changes in the molecular structure of a sample are easily translated to variation in the fingerprint 
region.   The end of the spectrum of wavenumbers ~910-650 cm-1 is sometimes referred to as the 
aromatic region and features (if present) bands indicative to aromatic ring structures [164].  
FTIR is a standard technique for the analysis of polymeric materials. FTIR spectra can 
reveal the chemical structure of polymers in order to identify the functional groups present, 
determine the concentration of functional groups or observe changes upon modification. 
Depending upon the material of interest, FTIR may be used to determine the polymer’s 
crystallinity or tacticity, observe aging of the polymer over time and even identify polymers in an 
unknown sample [166] [167].  
FTIR analysis is one of the most widely-performed methods of characterizing grafted 
polymers. Comparison of the untreated polymeric substrate with the grafted product is routinely 
performed with this method [168] [169] [170]. The effects of different irradiation and grafting 
conditions on the sample composition can also be investigated, as well as the production of solid 
or gaseous by modification or decomposition of the sample [171] [172]. FTIR can also be used 
to estimate degree of grafting and the purity of the product.  
FTIR is particularly useful for studying oxidative degradation that often occurs when 
polymers are irradiated in the presence of oxygen. Indications of oxidation along a polymer 
backbone include the peroxy (-COOC-) and carbonyl (C=O) functional groups. FTIR can also 
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reveal scission of a polymer chain through the formation of smaller molecules including 
aldehydes, ketones and acids.   
In comparison with its advantages, FTIR has few limitations. For one, not all molecules 
can be detected with FTIR. These molecules are referred to as “IR inactive”, typically because 
they do not exhibit a change in dipole moment. Discrimination between small peaks or two 
nearby peaks can be prevented due to peak overlap which, if it is present, may make analysis 
challenging.  For conventional (mid-infrared) instruments, FTIR spectra are also limited to the 
region of 4000-400 cm-1. 
All analysis presented in this thesis was performed using a Thermo-Nicolet Nexus 670 
FTIR, located in the University of Maryland Surface Analysis Center with an attenuated total 
reflectance (ATR) accessory (Figure 17). The ATR accessory allows for spectral analysis of 
films, fabrics other solids which are not easily dissolved or powdered [173]. An anvil is used to 
press the solid sample against the surface of a crystal, usually diamond, into which the infrared 
beam is directed and reflected back to the detector [174].  ATR is a surface technique, the 
infrared radiation incident upon the sample is absorbed by the surface layer of the sample, only a 
few micrometers deep [175]. Despite this limitation, the ATR accessory is required if thick 
samples, such as fabrics, are to be analyzed non-destructively.  
The procedure and conditions used in FTIR analysis, as well as the functional groups 















4.5 Raman Spectroscopy 
 
 Like infrared spectroscopy, Raman is a type of molecular spectroscopy that investigates 
vibrational transitions in the infrared (104 to 102 cm-1) region. With FTIR spectroscopy, the 
spectrum is derived from the absorption of infrared light emitted simultaneously in a range of 
frequencies. Raman spectroscopy differs in that light of a single wavelength is emitted and the 
spectrum is derived from the scattering of radiation from the molecules in the sample [176]. 
Raman spectroscopy does not require resonance between the incident radiation and the molecule; 
rather, the vibrational transitions are determined by a change in polarizability of the molecule 
[177].  
 Raman spectroscopy is performed by irradiating the sample with a high intensity laser in 
the visible or near-infrared region. The laser photons cause polarization of the molecule, exciting 
it to a virtual energy state which is a short-lived perturbation of the electron cloud which 
surrounds the molecule [178]. Two types of scattered light from the virtual state are observed – 




Rayleigh (elastic) and Raman (inelastic) scattering.  The most probable effect is Rayleigh 
scattering, in which the photon’s transition back to the ground state involved no net change in 
photon energy. With Raman scattering, the energy of the scattered photon is different than the 
energy of the incident photon [178]. Raman scattering is far less probable (occurring 
approximately once in a million interactions) and involves two possible effects – Stokes and anti-
Stokes scattering [179].  
 As mentioned, Rayleigh scattering results in no energy change or frequency shift between 
the incident and emitted photons. Conversely, if the molecule is already in an excited state, the 
scattered photon is at a higher energy than the incident photon (anti-Stokes). If the molecule is in 
its ground state, the scattered photon is at a lower energy (Stokes).  This causes either an increase 
or decrease in frequency with anti-Stokes and Stokes scattering, respectively. Because most 
molecules are at the ground state before interaction, Stokes scattering is far more probable and 
the intensity of the Stokes line is greater [176]. For this reason, conventional Raman 
spectrometers only measure Stokes scattering. Figure 18 shows the changes in energy that occur 
with Rayleigh, Stokes and anti-Stokes scattering. 
 
Figure 18. (Left) A comparison of elastic (Rayleigh) and inelastic (Stokes and anti-Stokes) scattering 
processes (University of Cambridge, 2012).  (Right) A Horiba Jobin Yvon ARAMIS confocal raman 
spectrometer  (NDSU).  
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  Raman spectroscopy is a non-destructive technique which allows analysis of solids, 
liquids and gases. Sample preparation is often much less demanding than with FTIR 
spectroscopy and for most samples, no preparation is required whatsoever. Raman spectroscopy 
also has the capacity to analyze samples through glass and does not require background 
subtraction to compensate for the presence of air of water in the environment. 
The Raman spectrum is similar to that of IR spectroscopy and typically features the same 
range of wavenumbers. Raman does have the capability, however; of analyzing the low-
frequency region of approximately 10-500 cm-1 that would require hardware modification with 
FTIR [180]. Raman and FTIR data are often compared and presented by graphing the two 
spectra together and, like FTIR, Raman peaks may be analyzed by comparing peak locations 
with functional group tables or using software.  
 A significant advantage of Raman spectroscopy is that molecules that are inactive in IR 
may be active in Raman. IR spectroscopy requires a change in dipole moment upon vibration, 
while Raman spectroscopy requires a change in polarizability. Generally, symmetric vibrations 
and non-polar groups are mostly active in Raman, while asymmetric vibration and polar groups 
are mostly active in IR [162]. Molecules with centers of symmetry are detectable with either 
FTIR or Raman, but not both. This is referred to as the “mutual exclusion principle”. For these 
reasons, IR and Raman are considered complementary methods and should both be performed, if 
possible, for a thorough sample analysis.  
 There are many circumstances in which Raman spectroscopy would be a useful 
supplement to, or perhaps more useful than FTIR. For example, peaks of interest in IR 
spectroscopy that are obscured by additives or impurities may be easy to identify with Raman 
[181]. Samples containing elements of high atomic number show more distinctive Raman peaks, 
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while elements of smaller atomic number show more distinctive IR peaks [181]. Raman 
spectroscopy is also preferable for samples containing water and features no interference from 
atmospheric water vapor or carbon dioxide [182].  
Polymer analysis with Raman provides a wealth of information with little effort. 
Researchers have used Raman to investigate various aspects of polymers including chemical 
composition, surface structure, degradation and deformation, stereo and conformational order 
and crystallinity [177]. Because they are considered complementary methods, many applications 
of FTIR are also possible with Raman, and vice versa.   
Raman spectroscopy is particularly suited to polymers because, unlike IR spectroscopy, 
changes in the polymer backbone occur with polarization that may reveal the molecular structure 
and composition [177]. This can be explained by the sensitivity of Raman towards nonpolar 
functional groups that would otherwise be difficult to analyze with IR spectroscopy [180].   
Raman microscopy, also known as confocal Raman, combines a Raman spectrometer 
with an optical microscope which allows visualization of the sample being analyzed. This feature 
is particularly useful for heterogeneous materials since the microscope can be used to locate and 
analyze specific features or regions. The confocal technique involves controlling the sampling 
volume through use of a spatial filter which analyzes the signal in three dimensions, and true 
confocal Raman allows sample analysis to dimensions below 1 µm [183].  
 The advantages of Raman spectroscopy, both independent from and as a complement to 
FTIR spectroscopy are summarized as follows: 
• Compatibility with a wide range of sample shapes, sizes and compositions 
• Nondestructive analysis of samples with little or no preparation 
• Ability to analyze specific areas of interest using confocal Raman  
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• Selection rules favor Raman spectroscopy – ability to obtain richer spectra than FTIR 
• Ability to analyze aqueous samples and samples within glass slides or containers 
 Challenges and limitations with Raman spectroscopy are significantly outnumbered by its 
advantages. The main challenges include fluorescence and low signal intensity. Fluorescence 
occurs when the incident photon is partially absorbed and subsequently re-emitted. For polymers, 
it is not unusual for fluorescence to overwhelm the Raman spectrum and eliminate the possibility 
of analysis. Fortunately, there are several methods that provide relief from fluorescence and 
allow analysis of the sample even under conditions of high fluorescence (see Section 5.5.2). 
Also, because the probability of Raman scattering is so low, it is not uncommon for a sample to 
produce a vibrant spectrum with infrared spectroscopy and a poor, low-intensity spectrum with 
Raman spectroscopy [179]. This may result in poor signal-to-noise ratio, particularly if the 
spectrum is also complicated by fluorescence.  
Analysis for this dissertation was performed using a Horiba Jobin Yvon LabRam 
ARAMIS true confocal Raman microscope (Figure 18). The equipment features an optical 
microscope with three objectives (x10, x50 and x100), four gratings (600, 1200, 1800 and 2400 
gr/mm) and a two lasers of 532 nm (diode-pump solid-state laser) and 633 nm (helium-neon 
laser) [184].  
 
4.6 Scanning Electron Microscopy / Energy Dispersive X-ray 
 
 Scanning Electron Microscopy / Energy Dispersive X-ray (SEM/EDS or SEM/EDX) is 
the coupling of a scanning electron microscope and an x-ray detector which enable simultaneous 
investigation of the morphology and elemental composition of a surface. SEM/EDS has a wide 
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range of applications which include the identification of unknown samples, the analysis of 
impurities or defects present in a sample or the determination of the size of features in a sample. 
Scanning electron microscopes are capable of resolution on the order of 1 nm, much higher than 
optical microscopes (~1 µm) and significantly higher than the human eye (~100 µm) [185] [186]. 
With a depth of field over 300 times that of optical microscopes [187], SEM is capable of 
providing a high-resolution, high-magnification image that can easily be coupled with elemental 
analysis and mapping.  
 SEM/EDS is routinely used for the analysis of grafted polymers and is often performed 
alongside other characterization techniques including FTIR and Raman. For bulk polymer 
systems, SEM has advantages over transmission electron microscopy due to the higher depth of 
field and because the preparation of ultra-thin specimens is not required. Advantages of SEM 
over optical microscopy, such as confocal Raman, include significantly higher magnification, 
higher resolution, a greater depth of focus and the ability to perform simultaneous elemental 
mapping [157].  
 A review of the literature revealed substantial use of SEM for the analysis of polymer 
surface morphology. Fracture morphology, phase distribution, porosity, degradation, and the 
dimensions of layers or other microstructures may all be visible with SEM [188] [189] [190] 
[191] [192] [193]. SEM has been used to observe changes in surface morphology after graft co-
polymerization using both the solution and emulsion grafting methods [168] [194] [123] [81]. 
Grafted polymers for the extraction of uranium from seawater have also been investigated with 
SEM [169].  
 Conversely, the applications of energy-dispersive X-ray spectroscopy for polymer 
analysis are somewhat limited because polymers are mostly composed of lighter elements and 
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EDS has the greatest sensitivity for heavier elements [185]. Nevertheless, both the EDS spectrum 
and the elemental mapping tool make this technique useful for identifying impurities, analyzing 
composite materials and investigating surface modifications that involve functional groups 
containing materials of intermediate-to-high atomic numbers [195] [196] [197].  
 The unusually high depth of field at high magnifications is one of the greatest features of 
SEM. This is particularly useful for the analysis of polymer fabrics which feature a highly three-
dimensional surface. In this case, the high depth of field enables the viewing of many layers of 
polymer fibers simultaneously.  
A typical SEM consists of an electron gun, condenser lenses, an objective lens, deflectors 
and a series of electron detectors. The electron gun accelerates electrons to energies between 1 
and 30 keV to produce the primary electron beam [198]. The lens system demagnifies the beam 
to create an electron probe with a diameter of 1 to 10 nm and a current of 1 pA to 1 nA on the 
sample surface [199]. The electron beam interacts with the sample to a depth of approximately 1 
µm to produce a reflected beam of electrons with a diverse energy spectrum (Khursheed, 2011). 
The primary beam is rastered across the sample surface and the intensity of the returning electron 
signal is used to create an image [200].  
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Figure 19. Representation of some of the interactions between the primary electron beam and the 
sample. Electrons from the primary beam penetrate the sample, creating electrons and photons 
which are emitted from different depths. 
 
 Electrons emitted from the sample after irradiation with the primary beam may undergo 
elastic or inelastic scattering (Figure 19). The backscatter detector detects electrons which are 
scattered elastically. This occurs when the incident electron is deflected by the nucleus or outer 
shell electrons of an atom in the sample and typically results in wide-angle (greater than 90˚) 
scattering [186]. The contrast of an image produced in backscatter mode is a function of the 
material composition [200]. This causes materials composed of elements of a high atomic 
number appear brighter. 
 Inelastic scattering occurs when a portion of the energy of the incident electron is 
transferred to the atoms of the sample, causing excitations and/or ionizations which emit 
secondary electrons of much lower energy. The intensity of the secondary electrons reaching the 
detector is influenced by the topography of the surface. The signal collected from the secondary 
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electron detector is the most widely-used imaging mode and that which produces the best 
visualization of the roughness and texture of a surface [186]. 
 Although SEM is capable of analyzing large samples (up to 200 mm in diameter and 50 
mm in thickness), some sample preparation may be required depending on the instrument used. 
For example, most SEM equipment requires samples to be electrically conductive in order to 
obtain sufficient contrast and resolution. Non-conductive samples are vulnerable to the “charging 
effect”, which occurs when static electricity accumulates on the sample surface [201]. This has a 
profound effect on the contrast of the image which is most significant for secondary electron 
mode and least significant for backscatter mode. For this reason, polymer samples are often 
sputter-coated with a thin layer (a few nanometers) of metal such as gold, silver or tungsten 
[202]. Alternatively, the sample could be analyzed at higher pressures which can be achieved 
with variable-pressure SEM [175]. 
Variable pressure SEM is ideal for samples that are not electrically conductive, including 
most polymers. With this instrument, charging on the sample surface is suppressed by the 
addition of gas (typically nitrogen or helium) to the sample chamber which undergoes ionization 
by the electrons and serves to neutralize the charge on the specimen [175]. Images from this 
technique are normally obtained in backscatter mode.  
The elemental composition of a sample is determined via energy-dispersive x-ray 
spectroscopy. As electrons under inelastic scatter interactions, a portion of their energy is 
transferred to atoms in the sample, some of which emit x-rays which are characteristic of the 
excited atom [157]. The EDS feature produces both an elemental map that overlays the SEM 
image as well as a spectrum that contains qualitative and quantitative information on the 
elemental distribution within the sample. Although EDS is a standard attachment for most SEMs, 
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the spatial resolution of this features is approximately one order of magnitude lower than the 
standard SEM mode and elements of atomic number below four cannot be analyzed [198].  
 All SEM/EDS in this dissertation was performed with the Maryland Nanocenter’s Hitachi 
S-3400 Variable Pressure SEM fitted with an EDS analyzer (Figure 20). At high vacuum, this 
instrument features an ultimate resolution of approximately 3 nm. Images were obtained using 
backscatter mode to obtain information on sample composition. The analysis is provided in 













Chapter 5. Methodology and Results 
 
5.1 Materials Selection 
5.1.1 Monomer Selection 
 
A previous chapter described the methodology used to select monomers for testing. All 
candidate monomers possessed either a phosphate, phosphonate or phosphonic acid functional 
group. Four of the monomers for testing were mono-vinyl (containing one vinyl or allyl group) 
and one monomer was di-vinyl (containing two acrylic groups).  
A preliminary grafting experiment was performed to compare the degrees of grafting 
obtained with each monomer. Each monomer was grafted to Winged nylon-6 using the direct 
method in both aqueous and organic solvent at a monomer concentration of approximately 0.22 
M. Gamma irradiation was performed at 10 kGy/hr to a total dose of 40 kGy. The results are 





Table 4 reveals both the degrees of grafting (Equation 39) obtained by each monomer 
along with their solubility behaviors in water and ethanol. All monomer were fully dissolved in 
ethanol at concentrations of 0.22 M. Four monomers were also soluble in water at 0.22 M with 
the exception of bis(2-methacryloxyethyl) phosphate, which formed a cloudy, unstable emulsion. 
 
Figure 21.  Degrees of grafting obtained with five different monomers by grafting with Co-60 in 
water (left) and ethanol (right). Dose rate: 10 kGy/hr, total dose: 40 kGy. Irradiation in air at 






Table 4. Degrees of grafting and solubilities of five phosphate-containing monomers at 0.22M. 
Co-60 gamma radiation, total dose: 40 kGy, dose rate: 10 kGy/hr, irradiation in air at room 
temperature. Each grafted onto Winged nylon (25.0 ± 3.0 mg). Chemical structures provided in 














Diethyl allyl phosphate 3.3 Dissolved 0.1  Dissolved 
Vinyl phosphonic acid 11.5  Dissolved 4.4  Dissolved 
Dimethylvinyl phosphonate 13.2  Dissolved 2.3  Dissolved 
Diethyl vinyl phosphonate 14.1  Dissolved 1.4  Dissolved 
Bis(2-methacryloxyethyl) 
phosphate 
81.7 Not dissolved 82.2  Dissolved 
 
The worst performing monomer was diethyl allyl phosphate, obtaining minimal grafting 
in both water and ethanol. Vinyl phosphonic acid, dimethylvinyl phosphonate and diethyl vinyl 
phosphonate showed degrees of grafting between 11 and 15% in water but only between 1 and 
5% in ethanol. The highest-performing monomer, bis(2-methacryloxyethyl)phosphate (B2MP), 
obtained degrees of grafting of approximately 82% in both water and ethanol.  
The challenges of polymerization and grafting of vinyl phosphates are well known. 
Wentrup-Byrne et al. attributes this to high chain transfer and poor physical properties, while 
allyl phosphates in particular were reported to undergo excessive chain transfer reactions 
(Wentryp-Byrne, Suzuki, Suwanasilp, & Grondahl, 2010). The poor performance of diethyl allyl 
phosphate may be attributed to the known difficulties in polymerizing allyl monomers through 
free-radical polymerization [203] [204]. These difficulties are attributed to the “degradative 
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chain transfer” mechanism which occurs when the newly-formed allyl radical is stabilized 
through resonance and is therefore more likely to undergo chain termination than chain 
propagation [205]. Free radical polymerization of vinyl phosphate monomers has been attempted 
in several studies with poor results, however; lanthanide-initiated polymerization of DEVP has 
been performed with high (>90%) yields [206].  
The effectiveness and applications of di-vinyl monomers, such as bis(2-
methacryloxyethyl) phosphate, are described in Section 3.1. These monomers are known 
crosslinking agents and, due to their poly-functionality and radiation sensitivity, can be utilized 
for this purpose either alone or as an additive. Poly-functional monomers have been shown to 
require lower absorbed doses to produce high grafting yields [73]. This high affinity for 
crosslinking is the most likely explanation for the high degrees of grafting observed with bis(2-
methacryloxyethyl) phosphate.  
Due to the high degrees of grafting obtained with B2MP, this monomer was selected as 
the complexing monomer for the remainder of the experiments perfomed. B2MP was also the 
only monomer characterized with SEM, FTIR and Raman as well as tested for uranium 
extraction performance. For this reason, future work should involve testing the uranium 






5.1.2 Polymeric Substrate Selection 
 
 The polymeric substrates tested in this dissertation were in the form of nylon-6 and 
polypropylene Winged fabrics.  Early grafting studies were performed on both Winged nylon 
and Winged polypropylene with the goal of comparing the grafting yields obtained with each 
substrate. However, significant degradation of Winged polypropylene was observed over the 
range of dose rates and total doses required to achieve high degrees of grafting.  
Although polypropylene has been used with great success in many radiation grafting 
applications, the suitability of Winged polypropylene under the irradiation conditions required 
for grafting was found to be very poor. Table 5 summarizes the irradiations performed on 
Winged polypropylene. Despite obtaining high degrees of grafting with B2MP, the 
polypropylene fabric became hard, brittle and discolored upon irradiation. The severity was 
observed to increase with increasing absorbed dose. Grafting in the absence of oxygen by 
purging the contents of each vial with nitrogen and nitrous oxide was also attempted with no 
success. The observed phenomena of embrittlement and discoloration upon irradiation of 
polypropylene have been widely reported in the literature and were discussed in detail in Section 
3.2.1. Very high degrees of grafting (>160 %) were obtained under all conditions tested, while 
the degrees of grafting obtained for the first two samples of Table 5 were unknown as the grafted 
fabrics were discarded due to severe embrittlement before weighing. 
On the contrary, Winged nylon maintained its integrity, flexibility and appearance 
throughout the vast majority of irradiations performed in this thesis. A handful of exceptions 
included high-dose irradiations performed at very high (>0.25 M) monomer concentrations, in 
which case the grafted fabric took on a glassy appearance and texture. Otherwise, the range of 
doses and dose rates used in this dissertation produced no observable changes in Winged nylon. 
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In the future, tensile testing of virgin, irradiated and grafted Winged nylon-6 with a universal 
testing machine could aid in quantifying any changes in tensile strength that may be occurring 
due to irradiation and grafting.  
 
Table 5. Summary of irradiation and grafting conditions which produced brittle grafted fabrics. 







Solution Degree of grafting (%) 
Co-60 60 10 B2MP in N2-purged water Unknown 
Co-60 60 10 B2MP in N2O-purged 
water 
Unknown  
Co-60 60 10 B2MP in air-saturated 
water 
161 
Co-60 40 10 B2MP in N2-purged water 232 
Co-60 40 10 B2MP in N2O-purged 
water 
243 
Co-60 20 5 B2MP in N2O-purged 
water 
252 







5.2 Sample Irradiation 
 
5.2.1 Radiation Safety 
 
 The precautions taken when working with radiation can be described for two categories 
of experimental work: the precautions taken when operating radiation-producing machines and 
those taken when working with 233U in the laboratory. In both cases, the standard practice of 
“TDS” (time-distance-shielding) was implemented. This strategy involves reducing the time 
spend near a radiation source, increasing the distance between one’s self and the source and 
maintaining as much shielding as necessary between one’s self and the source.  
 Fortunately, both the Co-60 gamma irradiator and LINAC were designed with TDS in 
mind. Both facilities are contained inside concrete vaults with several feet of concrete shielding 
on all walls. The doors at the entrances to the vaults consist of concrete and steel plates. A 
system of safety interlocks for both facilities serves several purposes, including: 
• Preventing access to the vault during operation (Co-60 source is in exposed position, or 
LINAC beam is “on”) 
• Allowing escape of personnel from the vault if left inside while the door is closed 
• Lowering the Co-60 source or shutting off the LINAC beam if operational conditions 
(radiation levels, conductivity, vacuum pressure, etc.) are outside the desired  range  
A calibrated, operational Geiger-Müller counter was utilized during every entry to both 
the Co-60 irradiator and LINAC target room vaults. The instrument was also left in operation 
during all time periods spent inside the vaults.  
Requirements for independent operation of the UMD Radiation Facilities included 
several courses in radiation safety (provided by UMD Department of Environmental Safety) as 
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well as a State of Maryland operator’s license for both the Co-60 irradiator and electron beam 
linear accelerator.  Qualifications were maintained through annual refresher training.  
 All personnel working with radioactive materials are issued a personal film badge 
dosimeter to be worn during all activities within designated radiation areas. The films are 
developed on a routine basis to monitor for any unusual exposure. Such individuals are deemed 
“radiation workers” and are limited, by law, to receiving no more than 5 Rem per year. Normal 
operation of the two radiation-producing facilities (such as those performed in the course of this 
work), typically result in minimal (background level) exposure.  
 A different set of radiation safety precautions was undertaken during the extraction 
efficiency testing of the grafted fabrics. Despite the extremely low activity of the 233U stock 
solution, all necessary safety and waste generation procedures were followed. These experiments 
were performed in the laboratory, with all radioactive material stored and utilized inside a 
designated fume hood labelled as a radioactive materials area.  
All potentially-contaminated wastes (gloves, pipette tips, laboratory wipes, etc.) were 
disposed of in a radioactive solid waste bin, while all contaminated liquid was added to a carboy 
for aqueous radioactive waste. Care was taken to prevent and (if necessary) identify any drips, 
spills or cross-contamination that occurred during the experiment. Radioactive solutions 
(including stock solutions and testing solutions) were kept sealed either in a capped vial or in a 
flask or beaker sealed with laboratory film and were always placed inside a container or tray with 
the capacity to hold the entire volume if spilled. Periodic wipe tests on objects and surfaces in the 
fume hood revealed no detectable contamination at any point during the experiment. At the end 
of the experiment, all counting solutions and 233U-loaded grafted fabrics were sent away for 
proper disposal.  
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5.2.2 Dosimetry and Dose Mapping    
 
For experiments conducted prior to July 2012, the dose absorbed by irradiated samples 
from both gamma and electron beam sources were determined by pre-irradiation dose mapping 
accomplished using radiochromic films and Fricke solutions. After this date, alanine dosimetry 
was utilized. Table 6 compares the three dosimetry methods utilized in this thesis.  
A dose map is essentially a dose profile of a radioactive source, achieved by performing 
dosimetry at different points in space. Dose mapping provides a 2- or 3-dimentional plot of 
absorbed dose as a function of distance from the radiation source or distance from the center of a 
radiation beam. The absorbent dose rate can be derived by dividing the absorbed dose by the 














1 to 100 kGy 20 to 400 Gy 10 Gy to 200 kGy 
Types of 
radiation 
Gamma and x-rays (0.1-
50 MeV) 
 
Electrons (0.1-50 MeV) 
Gamma rays (E ≥ 0.6 
MeV) 
 
Secondary x-rays  
(E ≥ 2 MeV) 
High-energy electrons 
(E ≥ 8 MeV) 
 
 
Gamma, x-rays and 
electrons  
 (0.1<E >28 MeV) 
Temperature 
range 
-78 to 60 °C 10 to 60 °C -78 to 70 °C 
Dose rate 
linearity 
10-2 to 1013 Gy/s Up to 106 Gy/s Up to 102 Gy/s 
(continuous) 







5.2.2.1 Far West Radiochromic Films 
 
Radiochromic films are composed of a nylon matrix containing a dye in which a 
deepening in color is proportional to the radiation dose received by the film [210].  Dose to the 
film is easily determined by measuring the change in absorbance using UV-Vis 
spectrophotometry (Equation 36). 
Equation 36 
Absorbed dose∝  
(Absorbancefinal −Absorbanceinitial))
film thickness (mm)  
 
 Far West radiochromic films were utilized for the vast majority of irradiations (prior to 
July 2012) due to their wide capacity of total absorbed doses (0.5 to 200 kGy) [211].  A major 
advantage to these nylon-based thin films is their “tissue-equivalence”, meaning the response of 
the film is equivalent to that of tissue, water and many polymers with a density ~ 1 g/cm3.  This 
means that the dose received by the film can be considered approximate to the dose received by 
the polymer fabrics irradiated in this dissertation. A summary of advantages and disadvantages 





Table 7. Advantages and limitations of radiochromic films for gamma and electron dosimetry 
Advantages Disadvantages 
• Short color build-up time 
(approximately 1 hour) 
• UV sensitive – preparation, 
packaging and reading must be done 
in rooms with UV filters 
• Response independent over unit 
thickness 
• Response lowered under conditions 
of high relative humidity 
• Use of larger sheets allows two-
dimensional dose mapping 
• Response lowered under conditions 
of low temperature (less than 20˚ C)  
 
 The procedure for performing thin-film dosimetry is summarized as follows: 
1. Radiochromic films (1 × 1 cm), stored at room temperature in the absence of light, were 
individually measured using a thickness gauge 
2. Prior to irradiation, the absorbance of each film was measured at 510 and 605 nm using a 
UV-Vis spectrophotometer 
3. A set of three to five films was placed inside a polyethylene phantom (for gamma 
irradiation) or paper envelope (for LINAC irradiation) 
a. To create the polyethylene phantom, the films were sandwiched between the two 
blocks of polyethylene. The entire block was taped shut and heat-sealed inside an 
aluminized polyethylene pouch 
b. For LINAC irradiations, the films were stacked one on top of the other and placed 
in the corner of the paper pouch. The pouch was taped shut 
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4. The phantoms and pouches were placed inside the Co-60 irradiator or LINAC vault. The 
locations of the films were measured with great care in inches (Co-60) or centimeters 
(LINAC) from the irradiator top hat or the LINAC beam window  
5. The phantoms and paper pouches were irradiated to a dose which caused visible 
coloration to the films without reaching saturation 
a. For Co-60 irradiation, this could be up to several hours at a low to intermediate 
dose rate. All phantoms were placed perpendicular to the source at a vertical 
height of 8 inches, with the distance from the source top hat recorded 
b. For LINAC operation, usually 2000-5000 pulses were deployed. Films were 
placed either at a fixed distance from the beam window (if the beam center was 
known) or in a perpendicular array (if the beam center was unknown) 
6. The irradiated films were allowed to rest insider their packaging and away from radiation 
sources for 24 hours 
7. The films were removed from their packaging and their final absorbance measured at 510 
and 605 nm 
8. The absorbance for each set of films was determined by taking an average of the 
absorbance of each film 
9. The films were compared to a calibration curve of optical density per unit thickness as a 
function of absorbed dose (Figure 22).  
10. The absorbed dose of the films was calculated. The dose rate was determined by dividing 




Dose mapping for the Co-60 irradiator was accomplished by plotting the dose rate (in 
kGy/hr) received by the films as a function of distance (inches) from the source centerline. 
Fitting an exponential curve to the plot allows the user to determine the dose rate at any distance 
on the plot. A sample plot is shown in Figure 22.  
 
Figure 22. (Left). An example of a radiation response curve used to determine the dose to Far 
West films if the absorbance and thickness are known. (Right) Dose map for Co-60 irradiator, 
July 2009. 
 
Due to the decay of the Co-60 source pencils (t1/2=5.271 years) one can roughly expect a 
1% decrease in dose rate with each month [212]. During the time period that radiochromic films 
were used, an up-to-date dose mapping was performed at least once every three months to 
account for the changes in dose rate that occur at each position due to the source decay.   
Strategies for dose mapping the LINAC vary with the beam shape and sample size. For 
samples smaller or equal in size to the beam’s cross section at a specified distance (x) from the 
window, dose mapping can be accomplished similarly to that of the Co-60 gamma cell by 
applying a fixed number of pulses to dosimetry packages placed at known distances, 
perpendicular to the center of the beam. This allows determination of electron beam dose rates as 
a function of distance (cm) in units of dose (Gy) per pulse.  
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To determine the location of the beam center and its cross sectional area at a given 
location, a 2-dimentional array of dose intensities at a distance (x) from the window can be 
obtained using radiochromic films. This provides knowledge of the beam’s flux profile so one 
may determine a) whether or not the beam is homogenous enough for the specific application 
and b) the location of the highest electron flux (beam center). Figure 23 is a sample cross-
sectional array of radiochromic films and the resulting 3-D dose map after electron beam 
irradiation at 1 MeV. With the array centered along the beam axis, it is clearly inferred from the 
plot that for this LINAC configuration, the majority of the beam intensity was directed towards 
the left side of the array. If needed, this asymmetry can be corrected by adjusting the LINAC’s 





Figure 23. (Left) An array of radiochromic films packaged in paper envelopes. This array was 
used to locate the center of the LINAC beam (the location of highest electron flux). (Right) A 3-
dimensional contour plot derived from the dose rates obtained at various locations on the array.  
 




 Fricke dosimetry, also called ferrous-sulfate dosimetry, is a chemical dosimeter which 
relies on the direct proportionality between adsorbed dose and the concentration of Fe2+ (ferrous) 
ions oxidized to Fe3+ (ferric) ions in an irradiated aqueous solution [213]. Fricke dosimetry 
features a precision of up to 0.1% with a properly calibrated spectrophotometer [214]. Although 
the Fricke solution can be prepared easily and at little cost, several drawbacks to this dosimetry 
system include a high sensitivity to organic and metal ion impurities, a limited absorbed dose 
range and substantial temperature dependence during both irradiation and measurement.   
 Because the Fricke solution is aqueous and can be considered a water-equivalent 
material, it is an ideal dosimetry system for approximating absorbed dose in water, human tissue 
or polymers (ρ ≅ 1 g/cm3). The solution is prepared according to ASTM Standard E1026-04 and 
consists of an air-saturated aqueous solution of 1 mM NaCl, 1 mM ferrous ammonium sulfate 
and 0.4 M sulfuric acid (ASTM, 2007).  
 Absorbed dose is measured by comparing the absorbance before and after irradiation (Af 
– Ai) at 300 nm using a Cary 300 Bio UV-Vis Spectrophotometer. The solution should be 
irradiated in a borosilicate glass vial and transferred for measurement via pipette to a clean 
quartz cuvette. Absorbed dose is determined with Equation 37 [213]. 
Equation 37 





Af = final Absorption (after irradiation) 
Ai  = initial Absorption (before irradiation) 
ε = absorptivity  
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l = optical path length (cm) = 1 cm  
ρ = density of Fricke solution (g/cm3) = 1.024 g/cm3 
G[Fe3+] = radiation chemical yield of ferric ions (molecules/100 eV) = 15.5 
molecules/100eV  
 
 Due to the convenience of and efficiency of radiochromic films, the Fricke method was 




5.2.2.3 Alanine Dosimetry 
  
 Alanine dosimetry is performed by irradiating a pellet or film composed of the amino 
acid “L-alanine” which forms a stable free radical upon irradiation [215]. The radiation response 
of L-alanine is dose dependent and very accurate, making it a reliable technique for dose 
measurements. The alanine radical is highly stable due to its crystalline structure and, under the 
right conditions, the radical can survive for years with only minimal decay [216].  
 Electron paramagnetic resonance (EPR) is used to measure the concentration of alanine 
radicals in the dosimeter. Absorbed dose is determined by measuring the peak-to-peak amplitude 
in the central line of the alanine radical signal [217]. For a given system, the concentration of 
alanine radicals is proportional to the absorbed dose but independent of the dose rate, energy and 
(for the most part) temperature and humidity [218]. 
The irradiator dose profile obtained with alanine dosimetry was applied to a spreadsheet 
which enabled the calculation of dose rates at any radial position in the irradiator. The 
calculations also accounted for the decay of the Co-60 source, allowing the determination of 
dose rates as a function of time. The following table compares the three forms of dosimetry 
utilized in this dissertation: thin-film, Fricke and alanine dosimetry.  
5.2.3 Sources of Error 
 
 The uncertainty of the dose rate received by a sample under irradiation with electron 
beam or Co-60 is based on two sources of error: the uncertainty due to sample position and the 
uncertainty of the calibration. The contributions from other sources of error, such as the pulse 
generator (electron beam) and elevator timer (Co-60), were determined to be negligible.  
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 The dose rate received by a sample varies according to the position of the sample relative 
to the beam window (for electron beam) or the source centerline (Co-60). Irradiations are 
performed by placing a sample at the position which corresponds to the desired dose rate 
determined by the dosimetry calibration. Because the dose rates observed with both radiation 
sources decrease exponentially as a function of increasing distance, the largest uncertainty in 
dose rate can be observed at the position nearest to the source. For Co-60 irradiation of a small 
sample, this position is about 6 inches from the source centerline. Assuming a positioning error 
of 0.25 inches at 6 inches from the centerline, the percent variation in corresponding dose rates is 
7.8%. It is also expected that this value would be consistent with electron beam.  
The uncertainty based on the dosimetry calibration was calculated as the maximum 
variation at any position between the line of best fit and the actual dose rates measured with 
alanine. This maximum variation was observed to be 7.9%.  
 The total uncertainty in dose rate was calculated as the quadrature sum of the two sources 
of error and was determined to be 11.1%.  
 
5.2.4 Irradiation Procedures 
 
 All irradiations described in this thesis were performed using the University of Maryland 
Radiation Facility’s 100 kCi Co-60 gamma irradiation and 1-9 MeV electron beam LINAC. 
Irradiation of samples in both the LINAC and Co-60 irradiation were performed at room 
temperature without stirring or agitation. Although these features would be highly desirable, any 
heating, cooling or stirring using electronic devices was not possible due to the extremely-high 




5.2.4.1 Irradiation with Co-60 
 
 Irradiation with Co-60 is significantly easier than with electron beam. Due to the low rate 
of energy deposition, only samples prepared using the direct method were irradiated with Co-60. 
Co-60’s 1-MeV photons feature a very high depth of penetration which enables a highly-uniform 
irradiation with fewer constraints on materials and sample size. All samples were irradiated at a 
height of 8 inches, corresponding to the vertical position of highest photon flux. This was 
accomplished by placing the sample vials on a stack of two 4 × 4 wooden blocks. The radial 
irradiation position was determined by first updating the NIST alanine spreadsheet to account for 
recent source decay. The position which corresponds to the desired dose rate was recorded and 
the samples arranged in a semi-circle to maintain a consistent radial distance from the source top 
hat. If several dose rates were utilized simultaneously, the samples were arranged in a manner 
that prevented one set of samples from blocking the other, i.e., all samples had a direct line-of-
site to the source. An example of this configuration is shown in Figure 24.  
 
Figure 24. (Left). A set of samples prepared for direct grafting. Each sample was individually 
measured to be equidistant from the source top hat. (Right). An example of irradiation at 7 
different dose rates simultaneously. All samples were placed at 8 inches from the working 




 The duration of the irradiation can be controlled in two ways: by manually raising and 
lowering source or by entering the irradiation time (in minutes) on the irradiator timer. In the 
second method, the source is lowered automatically when the timer expires. The automatic 
nature of the irradiator source allows un-attended operation, which means a licensed operator is 
only needed to enter and exit the vault as well as raise the source.  
 
5.2.4.2 Irradiation with Electron Beam 
 
Electron beam irradiations differed in strategy depending upon the sample being 
irradiated. Capable of dose rates several orders of magnitude higher than with Co-60, the 
electron beam is ideal for generating a high concentration of free radicals on bare fabrics, either 
for EPR studies or for indirect grafting. In these cases, room temperature irradiation of fabrics 
was performed by taping the bag containing the fabrics sample to an acrylic sheet placed 
perpendicular to the beam. The X-Y location of the sample was adjusted so that the center of the 
sample was aligned with the center of the beam, while the Z (distance) location was selected 
based on the position corresponding to the desired dose rate. The dose rate (Gy/pulse) was 
determined by dose mapping with radiochromic films.  
Direct grafting was performed with great caution, and care was taken to minimize both 
heat transfer and the scattering of electrons from the sample holder to the vial. For this reason, a 
makeshift sample holder was created by wrapping a wire centrifuge rack in thin aluminum foil. 
Each vial was placed on the aluminum foil without touching the wire structure. This allowed air 
to flow beneath the sample and prevented heating of the sample by contact with the holder itself. 
The irradiation position (X-Y) and distance from the window (Z) were measured based on the 
center of the vial to ensure irradiation of the fabric inside.  
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Irradiation with electron beam features several constraints in experimental work due to 
the high rate of energy deposition inherent in high dose irradiations. The temperature change 
under irradiation is proportional to the adsorbed dose via Equation 38, in which ∆T is the 
temperature rise of the sample (˚C) and c is the thermal capacity of the sample (J/kg) [219]. 
Equation 38 
∆T = (absorbed dose)/c 
Where: 
∆T = temperature rise of sample (°C) 
c = thermal capacity of sample (J/kg) 
 
 The thermal capacity of water is 4.186 J/g °K. This means that irradiation of aqueous 
samples via the direct method would result in a temperature rise of 2.4 ˚C per every 10 kGy of 
dose. Irradiation of a sample containing ethanol would result in a temperature rise of 4.1 ˚C per 
every 10 kGy of dose. It should be noted that these figures do not take into account the effect of 
pressure that should be considered during irradiation of a sealed vial.  
Care must be taken when irradiating sealed vials containing liquids (especially organic 
solvents) since boiling may be initiated at high doses.  Not only does this present a risk of 
explosion, but the effects of high-temperature, high pressure irradiation on the grafted produce 
was not known. 
To reduce the pressure and temperature inside the vial, sample sets with a maximum 
irradiation time greater than 2 minutes in duration were performed using septum-capped vials 
with a single 22 gauge needle penetrating the septum. The temperature of all samples was 
measured with an infrared thermometer immediately after irradiation. All Co-60 gamma 
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irradiations, by contrast, were performed using sealed vials to both prevent the ingress of oxygen 
and to keep the sample afloat if it were to fall inside the source pool. 
As a safety precaution, no organic solvents (including methanol and ethanol) were 
irradiated with electron beam for two reasons. The first reason is because explosion of a sample 
could severely incapacitate the electron beam, especially if a vial cap or other fragment were to 
strike the thin beam window. Secondly, it would not have been possible to irradiate samples 
containing methanol or ethanol to the same doses obtained with water without a significant 
increase in temperature or even boiling. All irradiations of organic solvents were performed 
using Co-60 gamma radiation, in which no increase in temperature was observed.  
 
5.2.5 Grafting Method 
 
 Two methods of grafting, the indirect and the direct method, were utilized for grafting 
phosphate-containing monomers onto Winged fibers and are introduced in Section 2.8.  
The indirect (pre-irradiation) grafting method was the first attempted. This method is 
known to produce grafted samples of high uniformity with little-to-no homopolymer due to 
enhancement of the graft propagation reaction (P• + M → P-M•) via irradiation of the polymer 
substrate in the absence of monomer or solvent. Indirect grafting was performed though 
variations of the procedure described in the following section for several monomers, mainly 
diethylvinyl phosphate (DEVP). Even for B2MP, grafting yields for this method did not exceed 
54% for any monomer, despite high monomer concentrations and long grafting times. It was for 
this reason that grafting via the direct method was attempted.  
High degrees of grafting were immediately obtained upon direct grafting of B2MP onto 
Winged nylon. In addition to higher grafting yields, this method required lower doses, less 
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monomer, less sample preparation time and did not require irradiation in dry ice. For the above 
reasons, the irradiations described in this dissertation were all performed via the direct method.  
 
5.2.6 Grafting Procedures 
 
The grafting procedures were developed through experimentation and were frequently 
modified for improvement. For the sake of describing the methodology behind the selection of 
the complexing monomer and fabric substrate (Section 5.1), a general procedure for grafting 
with the direct (simultaneous) and indirect (pre-irradiation) method will be discussed in this 
section.  
5.2.6.1 Indirect Grafting  
 
1. Square samples were cut from sheets of polymeric fabric to a mass of 25.5 ± 0.3 mg 
2. The mass of each individual sample was recorded 
3. Each samples was placed in a labelled, un-sealed polyethylene bag 
4. The monomer was removed from refrigeration and pipetted (inside an analytical balance) 
into a 10 mL septum-capped glass vial until the desired monomer mass was achieved 
5. The mass of monomer of each sample was recorded 
6. The solvent was measured with a graduated cylinder and added to the vial along with a 
stirring flea 
7. The vial containing the monomer and solvent was capped and purged with nitrogen gas 
for a designated period of time 
8. The bagged fabrics and purged vials were purged under vacuum for three cycles and 
added to a glove box containing pure nitrogen gas 
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9. The bags containing the fabric samples were removed from the glove box and irradiated 
with electron beam 
10. After irradiation the fabrics were immediately transferred to the nitrogen glove box and 
added to the monomer-solvent mixture 
11. The mixture was sealed, removed from the glove box and stirred and/or heated until the 
desired grafting time was achieved 
12. The grafted fabrics were removed from the vial and  rinsed with water to remove loosely-
bound material 
13. Each sample was added to approximately 15 mL of deionized water and sonicated for 20-
60 minutes 
14. This process was repeated by replacing the vial with fresh water until the solvent 
remained clear after sonication 
15. The grafted fabrics were dried under vacuum until a constant weight was reached 
16. The degree of grafting was determined for each sample with Equation 39.  
 
5.2.6.2 Direct Grafting  
 
  In this method, the polymer substrate was irradiated simultaneously with the monomer-
solvent mixture according to the following procedure: 
1. Square samples were cut from sheets of polymeric fabric to a mass of 25.5 ± 0.3 mg 
2. The mass of each individual sample was recorded 
3. The monomer was removed from refrigeration and pipetted (inside an analytical balance) 
into a 10 mL glass vial until the desired monomer mass was achieved 
4. The mass of monomer of each sample was recorded 
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5. The solvent was measured with a graduated cylinder and added to the vial containing the 
monomer 
6. The fabric sample was added to the vial 
7. The vial was capped, sealed with laboratory film and sonicated for at least 1 hour 
8. The sample was removed from sonication and irradiated 
a. Samples irradiated with electron beam were transferred immediately from 
sonication to the LINAC vault, the samples were shaken thoroughly during 
transfer 
9. After irradiation, the samples were allowed to rest unopened at room temperature for a 
period of at least 16 hours 
10. The grafted fabrics were removed from the vials and  rinsed with ethanol to remove 
loosely-bound material 
11. Each sample was added to approximately 15 mL of ethanol and sonicated for 20-60 
minutes 
12. This process was repeated by replacing the vial with fresh ethanol until the solvent 
remained clear after sonication 
13. The grafted fabrics were placed on a metal tray and dried in an oven at 65 ˚C until a 
constant weight was reached 





5.2.7 Determination of Degree of Grafting 
 
 Regardless of the irradiation or grafting method, the degree of grafting is calculated as 
the percent change in mass that occurs after the fabric is grafted, washed and dried (Equation 
39).  
Equation 39 
dg(%) =  
mf − mi
mi
 × 100 
Where: 
dg = Degree of grafting (%) 
mf = Mass of the fabric after grafting 
mi = Mass of the fabric before grafting 
  
 All initial degrees of grafting (mi) were determined for dry fabrics taken directly from 
their air-tight packaging, while all grafted fabrics (mf) were weighed immediately after removal 
from the oven. This was done to prevent ingress of moisture into the Winged™ nylon fabrics due 
to room humidity. Swelling of the fabric due to humidity could give a false indication of dg by 
increasing the weight of the fabrics. 
 The uncertainty in degree of grafting was estimated to be 3%. This value was selected to 







5.3 Sample Optimization 
   
 
A review of the literature reveals an impressive range of radiation-grafted polymers and 
their applications. Dozens of monomer-substrate combinations have been studied in a wide range 
of conditions using a variety of techniques, some of which are already exploited commercially 
and others of which are based on novel or experimental combinations of materials. Generally, the 
purpose of graft-copolymerization is to functionalize a polymeric material, i.e. to give it physical 
or chemical properties that it would not otherwise possess.  
Regardless of the application, the relationships between the conditions of irradiation and 
grafting on the characteristics of the grafted product are routinely reported in the literature. 
Optimization of these conditions involves experimentation with variables such as absorbed dose, 
dose rate, solvent composition and monomer concentration to obtain the highest-performing 
grafted product. The definition of “high-performing” depends upon the application but usually 
represents the achievement of an optimal degree of grafting.  
Optimization of the grafting and irradiation variables requires an investigation into the 
relationships between these conditions and the physical/chemical changes that occur within the 
grafting system. Two important considerations must be accounted for - those based on theory 
and those based on practice. The theoretical considerations consist of an understanding of the 
mechanism by which radiation modifies a monomer-polymer system. From there, the variables 
and conditions which may affect the grafting process can be identified and investigated. Practical 
considerations include real-world limitations, such as the need to control grafting and irradiation 
variables for the sake of minimizing cost, preventing radiation damage to the material and 
acquiring degrees of grafting in the desired range based on functionality.  
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The most important theoretical considerations are the polymerization and grafting 
mechanisms themselves. Certain irradiation and grafting conditions are known to promote, limit 
or prevent certain reactions and may have a substantial effect on the degree of grafting of the 
final product. These mechanisms were described in Section 2.7 with the most important reactions 
summarized as follows [39]: 
 
Radical initiation P  P•;  M  M• 
Monomer addition •R-CH=CH2 + H•  →  RCH2CH2• 
Monomer homopolymerization M• + M• → M-M 
Hydrogen abstraction P + R• → P• + R-H 
Graft propagation P• + M → P-M• 
Graft termination P• + •M-M-M… → P-M-M-M…. 
 
The irradiation and grafting variables considered in nearly every published study on 
radiation-induced graft polymerization include the effects of dose rate, absorbed dose and 
monomer concentration on the grafted product. Other variables frequently considered include the 
effects of solvent composition, irradiation or grafting temperature, the presence or absence of 
oxygen and the size or shape of the polymeric substrate.  
For grafting via free-radical polymerization, the concentration and behavior of free 
radicals formed in a system are highly dependent on the conditions of irradiation. Generally, a 
minimum absorbed dose must be delivered to the system to initiate enough free radicals to drive 
the grafting reaction. Alternatively, an absorbed dose that is too high may damage the substrate 
by promoting undesired reactions and could possibly render the processing cost un-economical. 
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Several of the aforementioned mechanisms are strongly dependent on dose rate, with reactions 
such as homopolymerization and chain scission generally dominating at high dose rates. For 
these reasons, the goal of the optimization of irradiation and grafting variables is to characterize 
the relationship between the degree of grafting obtained and the irradiation and grafting 
conditions applied in order to produce the highest-performing and most stable product with the 
least amount of resources.  
 
5.3.1 Solvent Selection 
 
 Many studies have reported that the behavior and yields of grafting reactions depend on 
the choice of solvent [52]. The solvent may have many possible roles in the grafting process, 
including [220]: 
• Diluting the monomer to enhance diffusion to grafting sites 
• Swelling the polymeric substrate to enhance bulk diffusion 
• Undergoing radiolysis to produce reactive radical species and enhance grafting 
• Undergoing chain transfer and termination to hinder grafting 
The effects of monomer dilution are discussed in Section 5.3.4, which describes 
experiments in which the concentration of monomer was varied and degrees of grafting were 
obtained for systems based on water and organic solvent. Swelling of the polymeric substrate is 
necessary for applications such as ion-conducting membranes in which grafting should occur 
homogenously throughout the thickness of the polymeric substrate [221].  
Because the solvent is the largest component (by mass) of the grafting system, the vast 
majority of free radical initiated in the system are those produced by solvent molecules. Reactive 
species produced in the solvent (such as the hydroxyl radical HO• formed in water) can undergo 
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reactions with both the monomer and the polymeric substrate, transferring a free radical to these 
molecules via addition or hydrogen abstraction reactions which result in grafting, 
homopolymerization, crosslinking or scission. Solvent initiated radicals can also be detrimental, 
however; by producing high rates of homopolymer or by causing chain termination via chain 
transfer.  
The chain transfer constant of the solvent plays a significant role in determining whether 
the solvent enhances or hinders the propagation of grafted chains. The chain transfer reaction (--
M• + X-Y → --M-X+ Y•) involves the termination of a growing chain via radical recombination 
between the growing chain and a solvent molecule. A solvent with a high chain transfer rate 
constant (ktr/kp) quickly terminates growing chains, which results in decreased levels of grafting. 
A solvent featuring a low chain transfer coefficient results in enhancement of chain propagation 
and higher levels of grafting [220]. Because the number of free radicals is not reduced in this 
reaction, the overall rate of polymerization is not affected. Rather, in this case, the average 
molecular weight of the produce is reduced [222].  
In the case of free radical polymerization, compounds such as hydrocarbons, acids, ethers 
and alcohols have displayed small chain transfer constants [104]. These constants also depend on 
the components of the grafting system, often increasing with increasing reactivity of the 
propagating radical. Because the chain transfer coefficient of monomer to solvent for B2MP has 
not been published, it is unknown how the choice of solvent affects the polymerization of B2MP.  
A previous section justified the use of water as solvent (despite its poor solubility) for the 
purposes of reducing production cost and minimizing environmental impact. Water-based 
polymerization and grafting is performed in either pure water (as an unstable emulsion) or as an 
emulsion stabilized with a surfactant [39]. In most cases, the monomer is either insoluble or only 
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slightly soluble in water. The mechanisms behind emulsion polymerization and grafting differ 
from the conventional mechanisms of free radical polymerization. In these techniques, the 
monomer predominantly undergoes the homopolymerization reaction (M• + M• → M-M) in the 
heterogeneous water-monomer mixture. The polymerized monomer droplets or micelles rely on 
diffusion through the water phase to make contact with the polymeric substrate [223].  
In the presence of an emulsifier or surfactant, the reaction takes place in a heterogeneous 
medium with polymerization occurring within micelles. Studies of stabilized emulsion grafting 
have revealed the production of polymers of very high molecular weight during very short time 
spans [224]. These phenomena have been attributed to the decrease in chain termination due to 
increases in local viscosity [224]. The advantage of grafting with a surfactant is that monomer-
swollen micelles are generally more stable that the monomer droplets that would be produced in 
solutions containing only monomer and water. This advantage is especially worth considering 
for systems in which very poor solubility of the monomer is observed.  
In this thesis, grafting in water was performed both with and without surfactant. Several 
surfactants were tested for emulsification of B2MP including the non-ionic surfactants Span 60, 
Span 80, Tween 20 and polyethylene glycol (PEG) - all of which were selected based on their 
proven use in emulsion grafting applications.  
The emulsifying capacities of the four surfactants were compared by analyzing the 
stability of each monomer-surfactant emulsion. A mixture of 1 wt% surfactant with 5 wt% 
B2MP in water was sonicated for 30 minutes. After sonication, Span 60 failed to emulsify the 
B2MP solution and underwent phase separation after approximately 15 minutes while PEG 
exhibited phase separation after approximately one hour. The two highest-performing surfactants 
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were Span 80 and Tween 20. Phase separation of emulsions containing Span 80 and Tween 20 
began after 1 hour and 4.5 hours, respectively, and completed after 20 hours in both cases. 
 
Figure 25. Structure of Tween 20 (Sigma-Aldrich, 2014) 
 
Tween 20 (Figure 25) showed the highest emulsifying capacity of all surfactants tested. 
The use of Tween 20 as a surfactant in emulsion polymerization and grafting has been reported 
extensively in the literature [225] [226] [227] [228] [229]. The results of grafting in an emulsion 
stabilized with Tween 20 are provided in Figure 34 and Figure 39.  
Grafting in organic solvent was first considered as a possible solution to two problems. 
First, the solubility of B2MP in both the water and emulsion systems was very poor and resulted 
in precipitation of monomer from the grafting solution (Section 5.3.3). Secondly, the two 
systems showed poor reproducibility in degree of grafting between samples made under identical 
conditions. 
Because the attractiveness of water as a solvent, the first attempts at grafting in organic 
solvent were performed in mixtures of water with either methanol or ethanol.  Degrees of 
grafting obtained with these mixtures are shown in Figure 26 and were observed to increase with 
increasing fractions of ethanol and decrease with increasing fractions of methanol. The most 




Figure 26. Degrees of grafting determined for B2MP grafted onto Winged nylon with Co-60 at 
10 kGy/hr to 40 kGy/hr total dose. Samples irradiated in air at increasing volume fractions of 
methanol and ethanol with de-ionized water 
 
 Pure methanol, ethanol, propanol and tert-butanol were tested as solvents for direct 
grafting of B2MP onto Winged nylon based on a recommendation from Polysciences, the vendor 
of B2MP. This testing was motivated by the poor solubility of B2MP in water both with and 
without surfactant. Table 8 describes the solubility of B2MP in each solvent as well as the degree 
of grafting of the fabric and appearance of the solution after grafting with Co-60 gamma 





Table 8. Solubilities and degrees of grafting observed by grafting of B2MP onto Winged nylon 
in different solvents at dose rates of 2.5 and 10 kGy/hr. Total dose = 40 kGy, irradiation in air at 










Water Very cloudy 2.5 
10 
196.8 ± 53.7 









23.6 ± 3.9 
17.2 ± 5.9 
Some precipitate, 
cloudy 
Methanol Clear 2.5 
10 
29.0 ± 1.2 
22.6 ± 0.2 
No precipitate, 
clear solution 
Ethanol Clear 2.5 
10 
78.1 ± 5.2 
86.3 ± 7.0 
Gel formation 
Propanol Clear 2.5 
10 
26.8 ± 4.3 
22.4 ± 1.0 
Precipitate, cloudy 
solution 
Tert-butanol Clear 2.5 
10 
3.0 ± 1.1 







Figure 27. Degrees of grafting obtained with various solvents after irradiation at 2.5 kGy/hr to 40 
kGy total dose. Irradiation and grafting conditions described in Table 8. Error taken as standard 
deviation of the mean of multiple samples. 
 
Figure 28. Degrees of grafting obtained with various solvents after irradiation at 10 kGy/hr to 40 
kGy total dose. Irradiation and grafting conditions described in Table 8. Error taken as standard 




Figure 27 and Figure 28 reveal that the worst performing samples for both dose rates 
were those grafted with tert-butanol, propanol, methanol and the Tween 20-stabilized emulsion 
system. The highest performing samples were those grafted in pure water and pure ethanol. With 
the exception of the aqueous samples (water and the water/surfactant mixture) all solvents 
showed completely solubility of B2MP prior to grafting.  
 Table 8 also describes the appearance of the solution post-grafting. The large amounts of 
precipitation that occurred after grafting in aqueous solution also suggests that water is a non-
solvent for B2MP. Ethanol, however; showed complete solubility of B2MP and formed a gel 
upon irradiation – likely due to the high crosslinking capacity of the poly-functional monomer 
B2MP. The gel formation may be the cause of the lower degrees of grafting in ethanol compared 
with the aqueous systems since an increase in viscosity is likely to inhibit radical diffusion. Other 
possible causes for the reduction in degree of grafting include chain transfer and the nature or 
reactivity of free radicals initiation within the solvent.  
It should be noted that the standard deviation of samples grafted in water were 
significantly higher than those grafted in any other solvent. By comparison, the standard 
deviations of water based samples were 27 and 29% for 2.5 and 10 kGy, respectively, and those 
based on ethanol were only 7 and 8%. The large variance in degree of grafting of water-based 
samples grafted under identical conditions has proven to be a trend observed during the majority 
of the experiments described in this thesis and has been attributed to the lack of control over the 




5.3.2 Effects of Temperature and Purging Gas 
 
 The literature suggests that the dependence of grafting efficiency on the temperature of 
irradiation is quite complex. While an increase in temperature has been shown to increase the 
rate of diffusion of the monomer to the substrate, it has also been demonstrated to increase the 
rate of termination reactions [52]. Additionally, a change in temperature may also affect 
monomer solubility and radical mobility.  
 Ideally, the effect of temperature on the radiation-induced grafting of B2MP onto Winged 
nylon would be tested by performing irradiations at a range of temperatures. Because electronic 
devices cannot be easily used during irradiation, no methods of heating or cooling during 
irradiation were applied during the experiments described in this dissertation. Irradiation with 
Co-60 gamma produces only negligible temperature rises during irradiation, however; increases 
in temperature were observed during electron beam irradiations to very high doses, such as to 
irradiate samples for FTIR and Raman analysis (Section 5.5).  
 It was considered important to determine what, if any, effects of temperature on the 
grafting process could have been present. To accomplish this, a set of direct grafting samples 
were heated to various temperatures in the absence of radiation to see if grafting could take place 
by thermal means. Samples were prepared exactly as they would have been if irradiated. Six 
septum-capped vials containing a single Winged nylon fabric (~25 mg), 10 mL of de-ionized 
water and ~0.35 g B2MP were placed on a heating plate. Three samples were contacted with the 
hot plate for 10 minutes at either room temperature, 75 ˚C or 100 ˚C. An identical set of three 
samples was also contacted with the hot plates for 120 minutes at room temperature, 75 ˚C and 
100 ˚C. The samples were allowed to rest unopened overnight at room temperature.  
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 The experiments performed at room temperature produced no grafting, as did the 
experiments at 75 °C. The experiments at 100 ˚C (both 10 minutes and 120 minutes) yielded a 
percent change in mass of less than one percent. For these reasons, it can be assumed that 
increasing the temperature of the reaction (up to 100 °C) during grafting in the absence of 
radiation can be considered to have a negligible effect on the degree of grafting of B2MP onto 
Winged nylon. The same conclusion was reported by Choi et al. after attempting to graft vinyl 
monomers (acrylic acid) onto nylon-6 using high temperatures in the absence of radiation [230].  
Such observations are not meant to imply that temperature-controlled irradiations would not 
enhance or decrease the efficiency of grafting, but that the grafting reactions studied were 
initiated entirely through radiolytical means. It is suggested to perform temperature-controlled 
irradiations as part of future work.  
 Inert gases such as nitrogen, argon and nitrous oxide (N2O) are often utilized for 
polymerization and grafting to prevent or limit oxidation of the polymeric substrate by removing 
oxygen from the system. Oxidation of the substrate has two significant consequences.  The first 
is an alteration of the physical properties of the substrate. The second is the formation of oxygen-
containing groups along the polymer backbone which serve to reduce the number of sites 
available for grafting. For polymerization or grafting in water, nitrous oxide also has the added 
benefit of increasing the yield of the reactive hydroxyl radical (HO•). Nitrous oxide is believed 
to convert aqueous electrons into hydroxyl radicals for aqueous systems undergoing radiolysis 
[131] and in the case of an N2O-saturated aqueous solution this reaction is represented by 
Equation 40 [231].  
 
Equation 40 




 The majority of the experiments described in this thesis were performed in air-saturated 
(untreated) solvent, while the rest involved grafting B2MP onto Winged nylon after purging the 
grafting solution with nitrogen or nitrous oxide. The choice between performing grafting in the 
presence of air, nitrous oxide and nitrogen was made based on two criteria. The first was to 
determine whether purging with nitrous oxide or nitrogen increased the degree of grafting over 
identically-made, air-saturated samples. The second was to determine whether or not oxidative 
degradation was observed with air-saturated samples and, if so, could this degradation by 
reduced by purging with nitrous oxide or nitrogen.  
 Over the course of experimentation with grafting and irradiation conditions, the majority 
of early experiments were performed with nitrogen or nitrous oxide-purged samples. It was 
observed early on that, for both water-based and ethanol-based samples, nitrogen and nitrous 
oxide did not significantly improve degrees of grafting over identical samples irradiated in air. 
To confirm this theory, several experiments were performed to compare samples fabricated in 
ethanol with air, nitrogen and nitrous oxide.  
 Gas purging was performed for up to five samples simultaneously by arranging them in 
series. Plastic tubing connected an apparatus composed of alternating needles and tubing. Each 
of these needles was placed inside the liquid portion of a sealed, septum-capped vial while an un-
connected needle was placed in the headspace of the vial for out-gassing. The pressure of the gas 
regulator was increased until vigorous bubbling was achieved in all samples. The samples were 





Figure 29. Comparison of degrees of grafting obtain by grafting B2MP onto Winged nylon in 
nitrogen-purged and air-saturated ethanol to 5, 10, 30 and 40 kGy. Dose rate: 10 kGy/hr (Co-60). 
[B2MP] = 0.073 M, n=16.  
 
Figure 29 compares two identical sets of adsorbents grafted in ethanol. The grafted 
fabrics in the top set were irradiated after purging the vial with nitrogen gas and those in the 
bottom set were irradiated without purging (air-saturated). At 5 and 10 kGy, the degrees of 
grafting for nitrogen-purged samples were 14.5 and 11.3 % higher, respectively, than those for 
air-saturated samples. Degrees of grafting obtained for nitrogen-purged ethanol were lower (-
17.7%) and higher (16.0%) than air-saturated samples for those grafted to 30 and 40kGy. 
Although the nitrogen-purged samples were an average of 6.0% higher than those in air, the 
advantages of these observed increases are unlikely to outweigh the disadvantages of the added 
costs and time that are required to purge the samples with N2. 
The second criterion for optimizing the choice of purging gas was to determine if such 
gases prevented or limited oxidative degradation of the polymeric substrate. Oxidation can easily 
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be observed by comparing un-irradiated and irradiated Winged nylon samples with FTIR or 
Raman spectroscopy. The results of FTIR and Raman analysis under such conditions are 
described in Section 5.5. Although no oxidation of the polymer substrate was observed after 
irradiation in air-saturated water to 2, 30 and 164 kGy with electron beam, the occurrence of any 
oxidation upon irradiation with Co-60 is not known and its significance is discussed in Section 
5.5.  
 The similarities in degrees of grafting produced with air-saturated and de-aerated grafting 
solutions are likely due to the consumption of dissolved oxygen due to radiolysis. Irradiation of a 
closed system (with both electron beam and Co-60) results in the consumption of dissolved 
oxygen through radiolysis after a dose of only 0.6 kGy for water [232] and 0.38 kGy for ethanol 
[233]. For this reason, it can be assumed that the oxygen present in air-saturated solutions would 
be consumed within the first few minutes of irradiation and would not further affect the grafting 
process. For this reason, along with the only minor improvements in degree of grafting observed 
after purging with nitrogen, the grafted fabrics described in this and all future chapters were 
produced by irradiating in air-saturated solution.  
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5.3.3 Mechanism of Homopolymer Formation 
 
 The formation of homopolymer is one of the most widely-reported challenges in the 
radiation grafting and occurs when monomer molecules polymerize without interaction with the 
substrate. Homopolymer is generally considered to be undesirable for most grafting applications 
due to the reduction in the overall amount of monomer available for grafting and the need for 
solvent extraction to remove the unbound homopolymer. Significant discussion regarding the 
effects of homopolymerization and strategies for mitigating these affects are described by 
Stannett [234], Hou et al. [235], Dworjanyn et al. [113] and Huglin et al. [236]. 
The formation of homopolymer via free radical polymerization can be described with the 
following mechanisms [220]: 
M → M•    (direct initiation) 
M• + M → M-M•     (homopolymer chain growth) 
M• + •M → M-M     (homopolymer termination) 
 
The grafting reaction (P• +M → P-M•) is favored when the sensitivity of the polymeric 
substrate to radiation is greater than the sensitivity of the monomer to radiation (G(R)polymer > 
G(R)monomer). In the case of G(R)monomer > G(R)polymer, monomer molecules tend to react through 
homopolymer formation as opposed to grafting [220]. Another factor that influences the amount 
of homopolymer is the choice of solvent. Because the solvent is intermixed with the monomer, 
solvents that produce a high concentration of reactive radicals through radiolysis may increase 
the rate of homopolymerization [52].  
  Homopolymer was observed in this work for all solvents when grafting B2MP onto 
Winged nylon. The largest amount of homopolymer was observed for samples grafted in water 
and in water stabilized with Tween20. These systems required more than twice the solvent and 
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effort to remove the homopolymer formed compared to samples grafted in ethanol. Under 
conditions of high monomer concentration, grafting in water and the water/Tween 20 system 
typically produced homopolymer that could not be removed without mechanical damage to the 
nylon substrate. This homopolymer could be observed as clear spheres up to several millimeters 
in diameter (Figure 30), or as large sheets (white or yellow) that coated portions of the grafted 
fabric surface.  
 
 
Figure 30. Photographs of virgin Winged nylon- (left), B2MP grafted onto Winged nylon-6 in 
water to 35% (center) and B2MP grafted onto Winged nylon-6 to 213% (right). Polymer beads 
are easily visible on the surface of the third sample. Photos courtesy of Dr. Tim Koeth.  
 
The confocal Raman microscopy and SEM analysis in Sections 5.5.2 and 5.5.3 describe 
an atypical morphology for adsorbents based on B2MP grafted onto Winged nylon which is 
composed of polymer spheres attached to the surface of the nylon fibers. These spheres increase 
in number with increasing degree of grafting and were observed to be differ in size and 
frequency with a change in monomer concentration or solvent. These spheres, along with the 
observed dissolution behavior of B2MP in water and ethanol under irradiation, suggest that 
B2MP homopolymer formation is a heterogeneous polymerization process.   
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Figure 31 shows the appearance of an aqueous sample undergoing phase separation prior 
to irradiation (left) and the resulting layer of precipitate formed upon irradiation to 20 kGy 
(right). It was suggested in a previous section that, due to the poor solubility of monomeric 
B2MP and the rapid precipitation of the monomer from an aqueous system, homopolymer is 
formed in water via emulsifier-free emulsion polymerization.  
 
 
Figure 31. (Left). Un-irradiated vial containing 0.093 M B2MP in water after approximately 115 
minutes of sonication. The solution is cloudy and precipitate is already beginning to accumulate 
on the vial bottom. (Right). Vial containing 0.093 M B2MP in water after irradiation Co-60 at 20 
kGy/hr for one hour. Note that the solution is clearer and several mm of precipitate has 
accumulated at the bottom. The grafted polymer sample is floating near the surface. The 
darkening of the vial is due to discoloration of the glass upon irradiation.  
 
Interestingly, analysis with optical microscopy and SEM also revealed homopolymer 
precipitate in the form of polymer spheres upon grafting in ethanol. Figure 32 compares the 
dissolved mixture of B2MP and ethanol prior to irradiation with mixtures of B2MP and ethanol 
irradiated with Co-60 to various total doses. Because the monomeric form of B2MP is fully 
dissolved in ethanol and the homopolymer precipitate is only formed upon irradiation, it is 





 Figure 32. (Left) Typical sample for direct grafting composed of B2MP, ethanol and un-grafted 
nylon awaiting irradiation with Co-60. Notice the position of the fabric at the bottom of the vial. 
(Right) Vials containing a single fabric (~25.4 mg) immersed in B2MP dissolved in 10 mL 
ethanol. Photo taken after direct grafting with Co-60 at 10 kGy/hr to 1 ,2, 6, 12, 20, 30 and 40 
kGy (left to right). The increase in viscosity of the solution is visible with increasing dose.  
 
Precipitation polymerization is unique in that the reaction involves a physical 
transformation from the initially homogenous system to a heterogeneous, two-phase mixture 
[237]. This technique is also unique in that monodisperse microspheres can be formed in the 
absence of surfactants or stabilizers in organic solvent [238]. The mechanisms and kinetics of 
precipitation polymerization are more complicated than those of solution polymerization, 
although the precipitation polymerization of acrylic acid in toluene was described by Bunyakan 
et al. [237].  
Polymer spheres can be created through several means, typically via heterogeneous 
polymerization methods including precipitation polymerization, emulsion polymerization and 
dispersion polymerization [239]. Such spheres are categorized based on their diameter, with 
nanospheres in the range of 1 to 100 nm, microspheres in the range of 0.1 to 100 µm and 
polymer beads in excess of 100 µm.  For B2MP grafted onto Winged nylon, the size of the 
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polymer particles was observed to be dependent upon solvent and monomer concentration but 
was not characterized apart from SEM and optical microscopy. Figure 60, Figure 61, Figure 62 
and Figure 63, representing adsorbents grafted in ethanol, show only polymer microspheres. 
Figure 58 and Figure 59 show significantly more variation in particle size for adsorbents when 
grafted in water. For both solvents, adsorbents grafted at high monomer concentration display 
hardened polymer beads visible to the naked eye on the fabric surface.  
It is unknown whether or not the polyfunctional structure of the monomer B2MP plays a 
role in the grafting of B2MP onto Winged nylon. On one hand, the formation of aggregated 
polymer microspheres was observed by Wentrup-Byrne et al. using methacryloxyethyl 
phosphate, an acrylate monomer containing only a single reactive group. On the other hand, 
polyfunctional crosslinking monomers such as B2MP are known to produce such microspheres 
during both emulsion [240] and precipitation polymerization [241] [242]. A high level of 
crosslinking within individual particles is considered a “self-stabilizing” mechanism, producing 
stable and resilient particle spheres via precipitation polymerization in the absence of surfactants 
or stabilizers [243].  
 Further, it is likely (although not investigated experimentally) that the high crosslinking 
capacity of B2MP plays a role in forming the homopolymer microspheres, grafting the 
homopolymer microspheres to the substrate or forming grafted layers of microspheres. Naka and 
Yamamoto concluded that crosslinking is responsible for the formation of microspheres using 
poly-functional vinyl monomers, particularly diethylene glycol dimethacrylate [244]. The same 
authors also attributes the aggregation of microspheres to polymerization in aqueous solution in 
the absence of surfactant or in organic solvent in the absence of stabilizer [245]. This study 
remarks that aggregation (phase separation) of the microspheres, formed by crosslinking of 
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diethylene glycol dimethacrylate, is prevalent in poor solvent and that microsphere formation is 
hindered in alcohols due to chain transfer and subsequent viscosity increases due to gelation 
[244]. In another study by Naka et al., it was concluded that initiation with radiation was 
advantageous in producing monodisperse microspheres since initiation is homogeneous and the 
reaction can be carried out without stirring [246].  
Although aggregated and coagulation of microspheres have been widely reported with 
both emulsion and precipitation polymerization, these behaviors are generally unwanted and 
intentional aggregation of crosslinked microspheres on a polymer surface has not been discussed 
in the literature. Further, the precipitation of homopolymer on the surface of a polymeric 
substrate during grafting has been reported repeatedly in the literature, but this behavior is again 
undesired due to the decreases in degree of grafting that is typically observed. This poses two 
important questions: what are the mechanisms responsible for bonding the B2MP homopolymer 
microspheres to the nylon fabric, and why is this behavior advantageous in this system and 
detrimental in others?  
In the event that such a phenomenon (although unlikely) has not yet been described in 
other studies, understanding the mechanisms of the graft co-polymerization between a polymer 
fabric and crosslinked homopolymer microspheres formed through radiation-induced 
polymerization may be a worthwhile undertaking. In the absence of the nylon substrate, the 
B2MP microspheres could be studied by determining the molecular weight distribution and 
polydispersity of microspheres synthesized under conditions of different solvent, monomer 
concentration, dose rate, total dose and temperature. Depending on the molecular weight of the 
constituent polymer in the microspheres, such analysis could be performed using gel permeation 
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chromatography or light scattering. The diameter and surface morphology of the microspheres 
could easily be investigated with SEM or TEM.  
Although the exact mechanisms behind the grafted homopolymer microspheres are not 
known, several conclusions can still be made. For one, the microspheres are firmly attached to 
the nylon fabric and could not be removed through extraction with water, lower alcohols or 
through prolonged contact with seawater. Although quantitative analysis was not performed, for 
adsorbents grafted in ethanol, an increase in degree of grafting was observed to correspond to an 
increase in the number of B2MP microspheres on the surface of the fabric. 
The case of precipitating homopolymer in both water and ethanol means that a fraction of 
the B2MP reaching the substrate is already homopolymer, making grafted chain growth via 
individual monomer molecules less probable. Rather, high degrees of grafting in such a system 
indicate that a) B2MP is able to homopolymerize to high molecular weights while retaining 
active sites and b) the B2MP homopolymer is likely participating in the grafting reaction. The 
experiments described in this chapter, as well as the SEM images provided in Section 5.5.3, 
seem to agree that homopolymer is indeed bonding to the polymeric substrate, whether this 
reaction is desired or not. 
Table 9 summarizes the physical appearance of adsorbents grafted to various degrees of 
grafting. Although exceptions in appearance were observed for individual samples, this general 
trend was observed regardless of the solvent and radiation source used to produce the adsorbents.  
 
Table 9. Physical appearance of adsorbents of various degrees of grafting.  





0 to 25 No visible change 
26 to 60 Sample appears thicker, surface homogenous with features more 
pronounced 
61 to 100 Samples much thicker, surface mostly homogeneous with some 
rough, patchy areas 
101 to ~200 Surface mostly heterogeneous with visible, hard homopolymer 
spheres or small areas of thick, white layers of homopolymer 





5.3.4 Monomer Concentration 
 
One of the most important considerations when performing radiation-graft 
polymerization is the concentration of monomer in the grafting system. The relationship between 
the degree of grafting and the concentration of monomer has been described in dozens of works 
for a wide range of grafting materials suited for several applications. Radiation-induced grafting 
theory represents the rate of consumption of monomer [M] as Equation 41 where kp is the rate 
constant for propagation, [M] is the monomer concentration and ∑R* the concentration of all 
radicals that can react with the monomer [247].  
Equation 41 




According to the equation, the monomer consumption (and hence, degree of grafting) 
should increase with increasing monomer concentration for a fixed concentration of free radicals 
(i.e. fixed irradiation conditions). Most studies report an initial increase in degree of grafting 
with monomer concentration, followed by a sharp decrease in degree of grafting at higher 
monomer concentrations. The initial increase has been observed for both the direct and indirect 
grafting methods, is not characteristic of any one function or trend and is indicative of an 
enhancement of diffusion of the monomer to the grafting sites with increasing monomer 
concentration [248]. The subsequent decrease in degree of grafting has been attributed to an 
increase in the rate of homopolymer formation at high monomer concentration [249].  
In systems experiencing high rates of homopolymerization, either due to high dose rates 
or excessive monomer concentration, the grafting reaction may be inhibited if an increase in 
viscosity hinders the diffusion of monomer to the polymeric substrate. In this case, a plot of 
degree of grafting as a function of monomer concentration would reveal a peak and subsequent 





The relationship between degree of grafting and monomer concentration for fixed 
irradiation conditions was studied for adsorbents grafted in water, water stabilized with Tween 
20 and ethanol. All three systems were tested under the same irradiation conditions, with 
irradiations performed via the direct grafting method using Co-60 gamma radiation to a total 
dose of 40 kGy. No inert gas purging was performed on any sample described in this section.  
At B2MP concentrations below than 0.15 M, the monomer was fully dissolved in de-
ionized water (Figure 33) prior to irradiation. At higher concentrations, the un-irradiated 
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solutions were cloudy even after several hours of sonication, while at the highest concentrations 
(>0.22 M), significant phase separation was observed even before irradiation.  
 Grafting in water (Figure 33) revealed a trend in which the degree of grafting increased 
with monomer concentration. It should be noted that some samples of degrees of grafting greater 
than approximately 100% possessed visible, un-removable homopolymer which contributed 
greatly to the overall percent change in mass.  
Interestingly, excessive homopolymerization observed upon grafting in water at high 
concentrations of B2MP did not decrease the overall degree of grafting as is frequently observed 
in the literature. This indicates that large amounts of homopolymer formed near the surface are 
bonded to the substrate. This would serve to explain the continued increase in degree of grafting 
observed with increasing monomer concentration despite the homopolymerization.  
The effects of such homopolymerization on the extraction performance of the grafted 
fabrics are described in Section 5.4.2 and are believed to be consistent regardless of the solvent 
used. Indeed, despite an overall increase in degree of grafting, grafted fabrics with visible 
homopolymerization (such as those grafted to degrees of grafting in excess of 200%), showed a 
dramatic decrease in sorption capacity for uranium than samples grafted between (50 and 150%). 
This phenomena is further explained in Sections 5.5.2 and 5.5.3 in which the changes in 
microstructure that occur with homopolymerization were visualized with confocal Raman and 







Figure 33. Degree of grafting as a function of B2MP concentration in aqueous solution (10mL) 
in the absence of surfactant. Irradiation in air with Co-60 at 10 kGy/hr to 40 kGy total dose at 
room temperature. B2MP solubility observed at monomer concentrations of 0.15 M and below. 
Error taken as the standard deviation of the mean of multiple samples. 
 
A mixture of B2MP, water and surfactant (Tween 20) was irradiated with the goal of 
minimizing the precipitation of monomer during the solution (Figure 34). At B2MP 
concentrations below 60 mM, the monomer-surfactant mixture was completely dissolved. All 
other solutions were cloudy prior to irradiation and appeared similar to those in water alone. The 
appearance of the solutions after irradiation, however; differed strongly from the appearance of 
the aqueous samples grafted in the absence of surfactant. For samples with B2MP concentrations 
above 90 mM, the post-irradiation solution was in the form of a viscous “gel” with a custard-like 
consistency. The presence of this gel was accompanied by a visible reduction in the amount of 
precipitated monomer on the vial bottom, however; this precipitate was still present. Finally, for 
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the same range of monomer concentration, the degrees of grafting obtained with the 
water/Tween 20 system was significantly less than those of water alone. 
   
 
Figure 34. Degree of grafting as a function of B2MP concentration in aqueous solution with 
702.9 ± 3.8 mg of Tween 20. Data labels indicate the mass ratio of B2MP to Tween 20. 
Irradiation in air with Co-60 at 10 kGy/hr, 40 kGy total dose at room temperature. 10-mL 
solution volume. Error taken as the standard deviation of the mean of multiple samples 
 
The dependence of degree of grafting on the concentration of B2MP was also determined 
for samples grafted with ethanol, the organic solvent with the highest observed degrees of 
grafting. Ethanol showed greater solubility of B2MP than with water or with water stabilized 
with Tween 20. The entire range of B2MP concentrations tested showed complete solubility in 
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ethanol prior to irradiation, while the post-irradiation consistency was that of a gel which was 
easily separated from the grafted fabric through successive washes with fresh ethanol.  
 Figure 35 shows the relationship between degree of grafting of B2MP irradiated in 
ethanol using Co-60 at 10 kGy/hr to a total dose of 40 kGy. Unlike grafting with water and the 
water/surfactant system, the degrees of grafting exhibited a linear response to an increase in the 
concentration of monomer. The viscosity of the gel produced upon irradiation was observed to 
increase at higher monomer concentrations but was not further characterized apart from visual 
observation. Removal of residual homopolymer from the samples grafted in ethanol was much 
less laborious than with water or the water/Tween 20 mixture.  
 Section 5.4.2 describes the range of degrees of grafting which result in the most effective 
uranium extraction. To produce adsorbents within this range of degrees of grafting in an accurate 
and reproducible manner, grafting in ethanol would be more advantageous due to the linear 
response between degree of grafting and monomer concentration as well as the lower observed 
standard deviations.  
 The linear response of degree of grafting to increasing monomer concentrations in 
ethanol is likely due an increase in diffusion of monomer to the polymeric substrate that is 
directly proportional to monomer concentration. This assumption is further confirmed by the 
lack of visible precipitate at the bottom of the vial after irradiation and the reduction in surface-





Figure 35. Degree of grafting as a function of B2MP concentration in 100% ethanol. Irradiation 
in air with Co-60 at 10 kGy/hr, 40 kGy total dose at room temperature. 10-mL solution volume. 
Error taken as the standard deviation of the mean of multiple samples 
 
 An experiment was performed with the goal of quantifying the amount of B2MP 
precipitate formed during irradiation in the absence of the polymeric substrate. Figure 36 reveals 
the mass of B2MP (homopolymer) precipitate formed after irradiation of solutions containing 
increasing concentrations of B2MP in water with a fixed mass of Tween 20.  
The data shown in Figure 36 reveals that, as expected, the mass of precipitate formed in 
the system increases with increasing concentration of B2MP. This further suggests that the 
increase in degree of grafting observed in both the water and water stabilized with Tween 20 
systems at higher monomer concentration is due to the enhancement of homopolymer precipitate 
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in the vicinity of the polymeric substrate. This is opposed to an increase in the amount of 
dissolved monomer near the substrate surface, a condition of which is most commonly proposed 
in grafting systems with complete solubility of the monomer.   
 
 
Figure 36. Mass of B2MP precipitated (Y-axis) from aqueous solutions containing increasing 
mass of B2MP (X-axis) and 0.706 ± 0.01 g Tween 20. Solution volume: 10 mL, n=16, irradiated 
with Co-60 at 10 kGy/hr to 40 kGy at room temperature. Error taken as the standard deviation of 
the mean of multiple samples. 
 





5.3.4.1 Concentration of surfactant 
 
 
The effectiveness of a surfactant is dependent upon its concentration and increases 
significant when its critical micelle concentration is exceeded. For Tween 20, the critical micelle 
concentration is reported as 2 × 10-5 M. Above this concentration, the molecules of the surfactant 
form micelles which provide a non-homogenous environment in which to solubilize solutes 
(Ward & Ward, 1995). Because the molecules of the surfactant repel each other, the particles of 
monomer are allowed to polymerize without combination.  
 The results in Figure 37 were obtained by grafting B2MP onto Winged nylon in water 
with Tween 20. The mass of B2MP was held constant (95.3 ± 7 mM) while the concentration of 
Tween 20 was varied from 3.4 to 65.3 mM. Overall, the degrees of grafting obtained were very 
low. The adsorbent of the highest degree of grafting was grafted at 32.6 mM Tween 20. In terms 
of mass, the amounts of B2MP and Tween 20 added to the solution were approximately equal.  
 If further interest in the use of surfactants for emulsion grafting of B2MP should arise, 
much information could be obtained regarding the size and behavior of monomer-containing 
micelles. These properties, for example, could be characterized with dynamic light scattering 




Figure 37. Degree of grafting as a function of the mass ratio of B2MP to Tween20 in aqueous 
solution. Monomer mass: 95.2 ± 7 mM B2MP. Irradiation in air with Co-60 at 10 kGy/hr, 40 
kGy total dose at room temperature. 10-mL solution volume. Error taken as the standard 
deviation of the mean of multiple samples 
 
 
5.3.5 Total Dose 
 
 
The optimal total absorbed dose delivered to a system under irradiation should be the 
minimum dose required to produce the desired changes necessary for the product to perform its 
intended function. At low doses, the grafting yield of the product may be too low for the 
application. At doses that are too high, the polymeric substrate may be at risk of damage and the 
processing cost may become un-economical [39].  
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The total number of free radicals generated via initiation with ionizing radiation increases 
with an increase in radiation dose as evidenced by the G-value, or radiation chemical yield. For a 
given G-value, the product yield (n(X)) increases proportionally with increasing dose Equation 
42.  
Equation 42  





G(X) = G-value of produce X 
n(X) = Yield of product X 
𝑒̅ = mean energy imparted to material 
 
The data presented in this section is in the form of degree of grafting as a function of total 
absorbed dose. In many published works, data is presented as the degree of grafting as a function 
of irradiation time. The irradiation times utilized in this section can be determined by dividing 
the absorbed dose (kGy) by the dose rate (kGy/hr).   
The dependence of degree of grafting on the total absorbed dose was determined via two 
methods: a) irradiation of all samples together (using Co-60) in one solution and b) irradiation of 
single samples (using electron beam) in individual solutions. Irradiations with Co-60 (including 
water, water/Tween 20 and ethanol) were performed by removing small pre-weighed samples of 
nylon from a single monomer/solvent solution (115-150 mL) at periodic intervals. This was 
performed in an attempt to minimize the high standard deviations observed upon gamma 
irradiation of individual samples grafted in water and the water/Tween 20 mixture – essentially 
allowing for gentle stirring of the grafting solution at periodic intervals to ensure that each fabric 
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sample was receiving a full and equal dose. Each data point was determined as the average 
between four samples.  
Due to the small beam cross-section (and subsequently, lower uniformity) at high dose 
rates, bulk irradiation was not possible with electron beam. Experiments with electron beam 
were accomplished for water-based samples by irradiating individual vials containing individual 
nylon samples in a monomer/solvent solution. Data points were determined as the average 




Figure 38. Degree of grafting as a function of total absorbed dose for B2MP (0.093 M) grafted 
onto Winged nylon at 10 kGy/hr with Co-60 in water in the absence of surfactant, n=55. 
Irradiated in bulk monomer solution, room temperature in air. Error taken as the standard 




The data in Figure 38 was obtained by irradiation (in air at room temperature) of a bulk 
solution of B2MP and water containing 52 nylon fabrics cut to equal weight (6.25 ± 0.03 mg). A 
set of four samples were periodically removed from the grafting solution, washed in ethanol, 
dried at 65 °C and weighed. Inspection of Figure 38 reveals a rapid increase from 0 to 40% 
degrees of grafting within 12 minutes (2 kGy). After 18 minutes (4 kGy), the grafting reaction 
reaches saturation with no additional increase in degree of grafting observed.  This saturation 
does not indicate complete consumption of monomer, rather, it represents the dose at which 
degree of grafting ceases to increase with additional dose. Indeed, the percent conversion of 
monomer obtained at saturation in Figure 38 is only around 3%. The low observed saturation 
dose (4 kGy) is likely due to high efficiency in utilizing radicals for graft initiation and 
propagation [248]. Indeed, the requirement of lower doses to obtain high grafting yields is 
generally observed more often for the direct grafting method as opposed to the indirect (pre-
irradiation) method, with doses of 10 kGy or less required for some grafting applications [50].   
 A maximum degree of grafting of 54% was observed after saturation.  Degrees of 
grafting significantly higher than 50% have been observed for nylon fabrics grafted with B2MP 
in water. The plateau observed at low degrees of grafting has been attributed to the fact that the 
bulk monomer solution utilized in this experiment was intermittently stirred and contacted with 
air, while the high degrees of grafting described in other experiments were achieved through the 
irradiation of un-stirred, un-opened vials of B2MP in water. 
 Two factors could be responsible for the saturation at low degrees of grafting. For one, 
repeated contact with oxygen due to frequent opening and stirring of the grafting solution may 
have had a scavenging effect on free radicals present on the solvent, monomer and substrate. 
Unlike the short irradiation times and sealed vials utilized to produce Figure 41, irradiation with 
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Co-60 in open air takes place in an aerobic state since oxygen has time to diffuse from the 
atmosphere into the solvent [232]. For this reason, it is likely that the dose response in this 
stirred, open-air experiment would differ from the response observed by the conventional 
technique of grafting in sealed, individual vials due to the effects of abundant contact with 
atmospheric oxygen.    
Secondly, the act of stirring the solution may have had a profound effect on the physical 
relationship between the polymeric substrate and the homopolymer precipitate. Since the 
solution was stirred, it is possible that contact between the precipitate (which precipitates onto 
the substrate on the bottom of the vial) and the fabric was likely diminished. This behavior may 
explain the low degrees of grafting observed with the stirred samples (54%, Figure 38) compared 
to a non-stirred samples (77%, Figure 34) grafted at the same monomer concentration.  
 The relatively low dose at which the samples in Figure 38 reach equilibrium could be 
explained by the behavior of B2MP in the stirred system. It is possible that increases in degree of 
grafting occur while the solution is in the process of phase separating, during which time new 
precipitate continues to diffuse towards the substrate. It was observed during the experiment that 
after the solution separated into a liquid (water) and solid (homopolymer) phase, the masses of 
homopolymer exhibited a tendency to aggregate together rather than mix with the water and 




Figure 39. Degree of grafting as a function of total absorbed dose for B2MP (0.19 M) grafting 
onto Winged nylon at 10 kGy/hr with Co-60 in water with 63.5 mM Tween20 surfactant, n=52. 
Irradiated in bulk monomer solution, room temperature in air. Error taken as the standard 
deviation of the mean of multiple samples 
 
Figure 39 shows a similar trend. The experiment performed to generate Figure 39 was 
similar to that which produced Figure 38, Co-60 irradiation of a bulk monomer solution [0.19 M] 
containing 52 fabric samples (6.25 ± 0.03 mg) with  63.5 mM Tween 20. Likewise, a plateau was 
reached after 6 kGy which, although this dose is higher than in Figure 38, equated to a degree of 
grafting of approximately 45%. Although such a degree of grafting is typical for the 
water/Tween 20 system under normal grafting conditions, it is likely that the same phenomena 
described for the aqueous system is also occurring in the water/Tween 20 system. Ultimately, the 
addition of Tween 20 as a surfactant was not shown to increase the degree of grafting in aqueous 
solution, nor was it shown to significantly delay the time-to-equilibrium. This suggests that 







Figure 40. Degree of grafting as a function of total absorbed dose for B2MP (0.19 M) grafting 
onto Winged nylon at 10 kGy/hr with Co-60 in ethanol, nylon mass = 6.25 ± 0.03 mg, n=54. 
Irradiated in bulk monomer solution, room temperature in air. Error taken as the standard 
deviation of the mean of multiple samples 
 
 
The irradiation of Figure 40 was performed similar to those of Figure 38 and Figure 39 
but with ethanol using the bulk B2MP solution (0.19 M) and 52 nylon samples of 6.25 ± 0.03 mg 
each. Interestingly, irradiation and grafting in ethanol did not reveal a plateau after 4 kGy, but 
rather a steady increase in degree of grafting until 40 kGy. No precipitate or phase separation 
was observed during irradiation, rather, the typical gel was observed and remained rather 
homogenous with increasing dose. The observation of complete phase separation upon grafting 
with water and a homogenous gel upon grafting with ethanol is notable. These results further 
suggests that, if grafting is enhanced by precipitation of the homopolymer to the substrate during 
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phase separation, it should occur more rapidly in the non-solvent (water) and more slowly in the 
effective solvent (ethanol).  
 
 
Figure 41. Degree of grafting as a function of total absorbed dose for B2MP (0.091 M) grafted 
onto Winged nylon in water at 20.3 Gy/pulse with LINAC, n=33. Samples irradiated 
individually. Error taken as the standard deviation of the mean of multiple samples 
   
Figure 41 was obtained via direct grafting of B2MP onto Winged nylon in water using 
electron beam. Each sample was irradiated individually at a monomer concentration of 0.18 ± 
0.06 M and a dose rate of 20.3 Gy/pulse at 50 Hz. The results of Figure 41 differ markedly from 
the results of Figure 38. This is almost certainly due to the significantly high dose rates utilized 
for electron beam irradiation, which served to reduce the time required to reach 40 kGy from 4 
hours (Co-60, 10 kGy/hr) to 40 seconds. Up to 40 kGy of dose (the first 40 seconds of irradiation 
with electron beam), the degree of grafting was observed to increase approximately linearly until 
reaching a plateau in degree of grafting, as opposed to 3 kGy of dose for Co-60 irradiation (as in 
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Figure 38). Additionally, the maximum degree of grafting observed with electron beam was 
89%, compared to a value of about 50% obtained by grafting at low dose rates with Co-60.  
 
5.3.6 Dose Rate 
 
The dose rate is the radiation dose absorbed by a material per unit time and is typically 
expressed in units of kGy/hr or Gy/s (steady-state irradiation) or Gy/pulse (pulsed irradiation). 
Unlike the limited range of total absorbed doses that are usually utilized for polymer 
modification, dose rates utilized for such applications can span over four orders of magnitude. 
This is due to the often substantial differences in dose rate capabilities between Co-60 gamma 
and electron beam facilities. Dose rates available with Co-60 irradiation range from 
approximately 10-1 to 102 kGy/hr depending on the activity and configuration of the source. 
Electron beam, on the other hand, yields dose rates on the order of 102 kGy/s (105 kGy/hr) [250].  
The rate of free radical formation under radiolysis is proportional to the absorbed dose 
rate. Specifically, the rate of radical formation through initiation is proportional to a constant c 
and the dose rate Ḋ, while kp and kt represent the rate constants for free radical propagation and 
termination, respectively and [P] is the polymer substrate [33]. Assuming steady-state conditions, 




G(P) = [P] kp(c/kt)0.5(?̇?)0.5 
 
 The dependence of the grafting yield on dose rate (Equation 43) assumes that competition 
occurs between termination reactions (M• + •M → M-M; P• + •M → P-M) and propagation 
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reactions (P• + M → P-M•) [36].  As the absorbed dose rate increases, Equation 43 suggests that 
radical-radical reactions would also increase. For conventional kinetics, it is generally assumed 
that the radiation chemical yield varies inversely with the square root of dose rate [33] [36].  
Spinks et al. emphasizes, however, that the exponent (0.5) is not general and competition 
between various reactions can lead to different exponents [36].  
 The decrease in efficiency of the grafting process with an increase in radiation dose rate 
is well known. As the rate of initiation of free radicals increases, the rate of the termination 
reactions (M• + •M → M-M; P• + •M → P-M) increase as well, leading to a decrease in degree 
of grafting at higher dose rates [251] [252]. Chapiro et al. describes two conditions which serve 
to further reduce the efficiency of the grafting reactions at high dose rates [251].  
Case 1: Conventional polymerization kinetics do not apply to systems in which the 
polymer precipitates from solution during irradiation and grafting 
Case 2: As the viscosity of the monomer solution increases, diffusion decreases and 
termination reactions are significantly hindered, leading to deviation from conventional 
kinetics 
Chapiro suggests a monomer exponent of between 0.5 and 1.0 for the first case, and a 
monomer exponent of up to 1.0 for the second case [251]. In the second case, the increases in 
viscosity can be considered an effect of homopolymer formation, which causes the degree of 
grafting to reach equilibrium as the available of monomer decreases [248]. More work by 
Chapiro demonstrated that at low dose rates, the grafting rate was diffusion-controlled as 
opposed to higher dose rates, where the rate of polymerization is significantly higher than the 
rate of diffusion [248].  
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 Dose rate dependence was first determined experimentally for ethanol and water with Co-
60 gamma irradiation. A dependence of degree of grafting on dose rate was observed under these 
conditions for ethanol (Figure 43). Winged nylon samples grafted with B2MP in water to 20 kGy 
at dose rates ranging from 2.5 to 20 kGy/hr revealed no dependence on dose rate at high 
monomer concentration (0.18 M), indicating that a maximum degree of grafting was obtained 
before a dose of 20 kGy was reached. Dose dependence for samples in water was observed, 
however, when the same experiment was conducted to 40 kGy with electron beam (Figure 42).  
 
Figure 42. Dose rate dependence for B2MP grafting onto Winged nylon-6 in water with electron 
beam. Irradiation to 40 kGy. [B2MP] = 0.15 M; n=24; 100 Hz. Error taken as the standard 




Figure 43. Dose rate dependence for B2MP grafting onto Winged nylon-6 in ethanol with Co-60. 
Irradiation to 40 kGy. [B2MP] = 0.17 M; Winged nylon mass = 25.5 ± 0.03 mg, n=24. Error 
taken as the standard deviation of the mean of multiple samples. 
 
 Dependence of degree of grafting on dose rate was observed for Winged nylon samples 
grafted with B2MP in water with electron beam over a dose rate range of 4.2 to 93.9 Gy/pulse (at 
100 Hz). Previous experiments at dose rates above and below this range revealed a plateau at 
high degrees of grafting at dose rates below 20 Gy/pulse and a plateau at low degrees of grafting 
at dose rates above 60 Gy/pulse, although these results were not included due to uncertainties in 
the absorbed dose.  
 The decrease in degree of grafting with increasing dose over the range of 4.2 to 96.9 
Gy/pulse agrees with the conventional theory than an increase in radical termination leads to 
lower graft levels [36]. At dose rates below this range, rates of the radical propagation reactions 
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are enhanced while at dose rates above this range, these reaction rates are limited. Unlike 
grafting in water, grafting in ethanol revealed dependence of degree of grafting on dose rate over 
the range of low dose rates obtained by irradiation with Co-60. The degree of grafting was 
observed to increase over the range of 3.0 to 7 kGy/hr, above which saturation was observed at a 
total dose of 40 kGy.  
 To summarize, dose rate dependence was observed for grafting in water at high dose 
rates (with electron beam) and ethanol at low dose rates (with Co-60). This observation suggests 
that the use of each  solvent results in different mechanism of graft polymerization, one which 
requires a short irradiation time (water) and one which requires a longer irradiation time 
(ethanol). Although experiments were not performed to investigate this difference, it is likely 
attributed to differences in the rate of precipitation of the homopolymer from the solvent which 





5.3.7. Summary of Optimized Conditions 
 
 Based on the results obtained in this chapter, the following materials and conditions were 
utilized for the synthesis of the grafted adsorbents for testing of uranium extraction efficiency 
and characterization with FTIR, Raman and SEM. The absorbent is synthesized in at room 
temperature in the absence of catalysts, stabilizers, chemical initiators, inhibitors and purging 




Monomer: bis(2-methacryloxyethyl)phosphate (B2MP) 
Polymer substrate: Winged nylon-6 
Solvent: 100% ethanol 
Radiation source: Co-60 
Dose rate: 10 kGy/hr 




5.4 Extraction Performance 
 
5.4.1 Testing of Polymeric Adsorbents 
 
 Thus far, this dissertation has focused on the development of grafted polymer fabrics in a 
range of degrees of grafting. This section will consider the quality of the grafted fabrics as 
adsorbents for uranium by determining the capacity for which they remove uranium from 
synthetic seawater containing concentrations of uranium consistent with those found in natural 
seawater.  
 The effectiveness of modified polymers at removing metal ions from solution has been 
discussed extensively in the literature. This includes the characterization of extraction 
performance of graft-copolymers [253] [254] [45] [255] [256] and, specifically, those developed 
for the extraction of uranium from seawater [257] [258] [259] [260].  
The effectiveness of an individual adsorbent must be characterized in a manner that 
allows comparison with other similar adsorbents. Effectiveness (efficiency or extraction 
performance) can be expressed in several ways, the most common being the loading capacity of 
the adsorbent (mass of uranium adsorbed per mass adsorbent), percent sorption (fraction of 
uranium removed from by the solution) and distribution coefficient (ratio of concentration of 
uranium on adsorbent to that remaining in solution). These values are all based on the mass of 
uranium sorbed by the adsorbent.  
Theoretically, this quantity can be determined in one of two ways. In the first method, the 
adsorbents can be contacted with seawater and the mass of uranium on the solid phase 
determined. In the second method, the adsorbents can be contacted with seawater and the mass 
of uranium removed from the liquid phase can be determined. Both options require different 
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instrumentation and feature different limitations. Due to the convenience and low limits of 
detection achievable with liquid scintillation counting, all concentrations were determined by 
analyzing the liquid phase.  
Extraction performance should not be defined through a single experiment; instead, it is 
necessary to understand several behavioral aspects of the grafted fabrics in contact with 
seawater. For this reason, the extraction performance of the fabrics was characterized through the 
following five parameters: 
1. Dependence of extraction performance on degree of grafting 
2. Kinetics of uranium uptake 
3. Dominant mechanism of uranium adsorption 
4. Dependence of extraction performance on temperature 
5. Uranium uptake under high uranium concentrations 
These experiments are conventionally performed at high concentrations of uranium using 
elemental analysis such as inductively coupled plasma mass spectroscopy, atomic adsorption 
spectroscopy and UV-VIS spectrophotometry. The effectiveness of several of these methods is 
hindered by low concentrations of uranium along with the high total dissolved solids content of 
seawater.  For this reason, a 233U radiotracer was utilized in this thesis. Instead of measuring the 
mass of uranium remaining in seawater, the mass is calculated by determining the radioactivity 
of the seawater solution with liquid scintillation counting.  
The use of a 233U radiotracer to assess the uranium extraction efficiency of phosphate-
functionalized polymer sorbents from seawater was described by Das et al. in 2012 [66]. The 
uptake of 233U on the adsorbent was determined by alpha counting of the spiked seawater 
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solution both before and after overnight contact with the adsorbent [261]. The extraction 
performance of these adsorbents was characterized based on uranium loading capacity.  
The experiments presented in this dissertation differed primarily from the work of Das et 
al. in that the uranium tracer concentration used in that study was 9.54 mg/L, over three orders of 
magnitude higher than concentrations present in natural seawater. This concentration was 
selected by the authors to maintain a sufficient alpha count rate, since only 50 µL of the spiked 
solution was counted. Additionally, uranium uptake was only tested by determining the loading 
capacity of the adsorbent under a single set of conditions. The effects of contact time and 
extraction temperature were not investigated and a mechanism of adsorption based on kinetic 
models was not proposed. 
Important to understanding the extraction performance of the grafted fabrics is to gain 
insight into the kinetics and mechanisms of adsorption. According to Hill, adsorption is “the 
preferential concentration of a species at the interface between two phases” and all phenomena 
can be divided into two categories: physical adsorption and chemical adsorption [262]. Physical 
adsorption is based on intermolecular forces and generally does not depend on the reactivity 
between the adsorbent and the adsorbate [262] [263]. Chemical adsorption involves the 
formation of chemical reactions between the adsorbate and active sites on the adsorbent, 
typically forming a chemically bonded monolayer of adsorbate on the adsorbent surface [263].  
Physical and chemical adsorption can be distinguished from one another through 
experimentation. Fitting experimental data to kinetic models aids in determining the rate-limited 
step. For chemical adsorption, the rate-limited step may be the rate of the chemical reaction 
itself. In physical adsorption processes, the adsorption often occurs so rapidly that the rate-
limiting step is the diffusion of the adsorbate to the adsorbent surface [262]. Although chemical 
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adsorption is likely the dominant mechanism for the phosphate-functionalized fabrics developed 
in this thesis, kinetic data was applied to both models in Section 5.4.3. 
 
5.4.1.1  Determination of Extraction Efficiency 
 
To prepare the grafted adsorbents, nylon fabrics were cut individually to a size of 6.15 ± 
4 mg and added to B2MP-ethanol mixtures at concentrations ranging from 62.1 to 558.7 mM. 
The fabrics were irradiated with Co-60 gamma radiation at 10 kGy/hr to a total dose of 40 kGy. 
All grafting was performed using the direct (simultaneous) grafting method.  
The fabrics were irradiated in the presence of various monomer concentrations to produce 
grafted adsorbents in a wide range of degrees of grafting (0 to 305%). After irradiation, washing 
and drying, the adsorbents were sorted according to mass and stored in air-tight containers. The 
degree of grafting of each adsorbent was calculated based on the initial and final weight 
according to Equation 39. An error of 0.33% was associated with the measurements of degree of 
grafting based on Equation 56.  
Two gallons of synthetic seawater was purchased from Cole-Parmer. This product was 
made pursuant to ASTM standard D 1141 (Standard Practice for the Preparation of Substitute 
Ocean Water) specifically for reproducible laboratory testing. Trace elements normally found in 
seawater at concentrations below 0.005 mg/L, as well as organic matter, suspended matter and 
marine life are not included in this product [4]. Elements present in this mixture include, but are 
not limited to, Mg, Ca, Sr, K, Na, Cl, Br, F, Ba, Mn, Cu, Zn, Pb and Ag.  
 For experiments involving the determination of extraction efficiency, temperature 
dependence and adsorption kinetics, the concentrations of 233U in the solutions were chosen to be 
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within the range of the natural concentration of uranium in the world’s oceans (between 3 and 
3.3 × 10-6 g-U/L) [264]. This was accomplished by pipetting 60 µL of 233U into 40 mL of 
synthetic seawater, yielding an average concentration of approximately 3.25 × 10-6 g-U/L. This 
concentration was several orders of magnitude smaller than the uranium concentrations utilized 
in the majority of similar studies, where concentrations of 6 × 10-3 g-U/L [23], 9.5 × 10-3 g-U/L 
[66] and 4.2 × 10-2 g-U/L [265], among others, were reported. These higher concentrations are 
typically utilized to decrease uncertainties under conditions of high sorption, particularly in cases 
where concentrations are determined through elemental analysis.   
 
5.4.1.2 Counting Procedure 
 
All samples were counted in 20-mL glass scintillation vials (Sigma Aldrich) mixed with 
Ultima Gold LLT liquid scintillation cocktail (Perkin Elmer). Each set of samples was 
accompanied by one or more background (“blank”) samples that consisted of un-spiked seawater 
and Ultima Gold LLT at the same sample loadings (sample to cocktail ratio) as the radioactive 
samples. All samples were shaken vigorously and stored away from light sources until counted 
in the University of Maryland’s Tri-Carb 3100TR liquid scintillation analyzer. 
Prior to the experiments, a counting protocol was developed to maintain consistency of 
the measurement conditions for all samples. Sample sets were counted automatically for the pre-
selected count times and energy windows without any need for operator intervention. At the 
termination of the count, the instrument printed a sheet containing the count rate for each sample 
in each specified energy window. Afterwards, the operator can retrieve the count and obtain 
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count rates for different energy windows, as well as a printout of the pulse height spectrum, 
without need to re-count the samples.  
 
5.4.1.3  Calculations 
 
 The following calculations were used routinely in the experiments in this section. The 
calculation for activity (Equation 44) based on count rate has been simplified since to include 
only correction factors not equal to 1.  
Equation 44 
Activity (nCi) =  




� �1 × 109  nCiCi �
ε × �60 smin� × �3.7 ×  10
10  BqCi �
 
Where: 
Cnet  = number of net counts 
CRg = number of gross counts 
CRb = number of background counts 
tg = sample count time 
tb = background count time 
ε = counting efficiency 
 
 The percentage of uranium removed from solution can be calculated with Equation 45: 
Equation 45 
Sorption [%] =  
Mi −Mf
Mi




Mi = mass of uranium  in seawater solution prior to contact with adsorbent 
Mf = mass of uranium  in seawater solution after contact with adsorbent 
 
These values were calculated with Equation 46 with Mi measured before contact with the 
adsorbent and Mf measured after contact with the adsorbent. 
Equation 46 
MassU  [g] =  
Activity (nCi)





 The distribution coefficient was calculated as the ratio of the concentration of uranium on 
the adsorbent to that in the seawater at equilibrium (Equation 47), where Massadsorbent is the mass 













kd = distribution coefficient 
Mi = mass of uranium  in seawater solution prior to contact with adsorbent 
Mf = mass of uranium  in seawater solution after contact with adsorbent 
mad = mass of adsorbent 




 It should be noted that distribution coefficients are strongly affected by the initial 
uranium concentration and the mass of the adsorbent. Higher distribution coefficients may be 
obtained at lower initial concentrations if the overall amount of uranium remaining the solution 
is very low. On the other hand, systems containing an abundance of uranium (such as those with 
a very high concentration of uranium) may positively affect the distribution coefficient by 
increasing the overall amount removed from the solution (Mi-Mf). This presents a challenge 
when comparing distribution coefficients obtained with various initial uranium concentrations 
[86]. For this reason, it is advised to avoid comparing the distribution coefficients obtained in 
this dissertation to those reported in other articles. Among the works cited in this dissertation, the 
majority of seawater extraction experiments have been performed at initial uranium 
concentrations between ten and one thousand times greater than those found in nature and in this 
dissertation.  
 
5.4.1.4  Minimum Detectable Activity 
 
 The first requirement considered when designing the extraction experiments was the 
capacity of the method to detect low concentrations of uranium produced by high-uptake 
adsorbents. For this reason, it is important to know the value of  the smallest signal that can be 
reliable detected by the method with confidence that the signal is above background. This value 
is called the minimum detectable amount or minimum detectable activity. 
 The minimum detectable activity (MDA) is derived from the critical detection limit (LD) 
which represents the minimum number of counts that are needed from a source to be considered 
above background with 95% confidence [32]. In the case of equal count times for the 
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background and radioactive samples and assuming more than 70 counts are detected, the critical 
detection limit can be represented by Equation 48.  
Equation 48 
LD = 4.65√B 
Where: 
LD = critical detection limit 
B = number of background counds 
 
where B is the number of background counts observed [158]. From this, the minimum detectable 






 Where:  
LD = detection limit with 95% confidence level  
E = fractional detection efficiency (CPM/DPM) 
V = volume of sample (L) 
X = correction factors 
t = count time (minutes) 
X = correction factor  
 
 For an energy window of 0-2000 keV, the highest number of background counts 
observed over a 60 minute count time was 2,556 counts which yields a critical detection limit of 
235 counts. Taking the sample volume as 0.02 L, the count time as 60 minutes and the detection 
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efficiency as 102% (see Table 10), the minimum detectable activity for the measurement is 86.5 
pCi/L, or 0.087 nCi/L. This corresponds to a minimum of 2773 gross counts and a gross count 
rate of 46.2 counts per minute.  
 Knowing the minimum detectable activity concentration, the minimum detectable mass 
concentration of uranium can also be determined. Assuming 10 mL of the spiked uranium 
sample is counted, the minimum concentration of uranium that can be detected with 95% 
confidence is 1.80 × 10-8 g-U/L. Assuming an initial concentration of 3.25 × 10-6 g-U/L, this 
corresponds the removal of 99.4 % of the uranium from the seawater solution. Thus, the percent 
sorption or distribution coefficient of any adsorbent sample that removes greater than 99.4% of 
the uranium from a solution cannot be reported with statistical confidence.  
 
5.4.1.5  Count Time 
 
 The counting time for a radioactive sample and its corresponding background sample 
should be optimized based on two considerations: 
1. Minimizing the error of the count rate 
2. Time available for counting 
Ideally, all samples would be counted as long as possible to reduce the error of the count 
rate (Equation 51). The optimal distribution of counting time between a 233U-spiked sample and 
the corresponding background measurement is given by Equation 50. Application of this 











t = counting time for sample 
tb = counting time for background sample 
CRg = sample count rate 
CRb = background count rate 
 
 Manipulation of Equation 50 reveals that low counting rates should approach equal 
counting times, while higher count rates favor the allocation of extra counting time away from 
the background sample. Because samples of unknown activity were routinely determined in this 
work, equal counting times between the sample and background were utilized in all experiments.  
 Ultimately, the count rate used in the majority of experiments was selected based on the 
consideration that the liquid scintillation detector was shared with other users. Because a large 
number of samples were frequently counted in a single session (as many as 22 samples per 
counting session), a count time of 60 minutes was chosen to ensure that all samples could be 
counted without interruption.   
 
5.4.1.6  Energy Windows 
 
 Several energy windows were considered and compared. Conventionally, energy 
windows are selected based on two criteria: maximization of the counting efficiency and 
minimization of the background count rate. This is usually achieved by selecting the narrowest 
counting window that maintains high efficiency. For the data collected in this dissertation, it was 
noted that narrow counting windows (such as the energy range of 100-500 keV) did indeed 
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possess lower background counting rates (9-11 CPM), however; counting efficiency was 
observed to decrease for low-activity samples.  
Counting with the entire energy window of the LSC (0 to 2000 keV) was also attempted. 
Despite the high background count rates (39-42 CPM) obtained using the entire energy window, 
no decrease in count rate was observed for any sample. For this reason, the energy window of 0-
2000 keV was utilized for all experiments.  
 
5.4.1.7  Statistical Considerations 
 
 The sources of error considered in this data include: 
• Uncertainty of the activity (DPM error) 
• Uncertainty of the initial count rate (CRI) 
• Uncertainty of the final count rate (CRF) 
• Volumetric error (V) 
• Uncertainty in degree of grafting  
Equation 51 represents the error of the count rate [267] [53]. For calculations that utilize only 
one count rate, such as determining the activity or concentration of a sample, the error in 
Equation 51 can be used. For calculations that require taking the difference between two count 
rates (such as calculations for percent sorption, loading and distribution coefficient), the error in 
both count rates must be considered.  
Equation 51 












σ = standard deviation 
CRg = gross count rate 
CRb = background count rate 
Cnet = net count rate 
 
 
The activity (DPM) error represents the uncertainty of the known activity that is used to 
determine counting efficiency for a given sample and was set equal to the error of the stock 
solution concentration. For all experiments, the value for DPM error was calculated as 1.4% 
from Equation 52. 
Equation 52 








CR = fractional error of the net count rate 
σActivity = standard deviation of the activity values 
𝑎𝑎𝑡𝑎𝑎𝑎𝑡𝑎����������� = mean value for activity 
 
 The error of the counting efficiency should be taken into consideration for every 
calculation which derives an unknown activity or concentration by comparison with a known 
activity. The counting efficiencies determined for these experiments is provided in Table 10 
while the error of the efficiency can be calculated with the following equation. Unlike the DPM 
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error, the efficiency error includes a value for the volumetric error (estimated as 2%) that is 
possible when multiple volumes of a solution are pipetted. Based on Equation 53, the efficiency 











σε = standard deviation of values 
ε = average efficiency 
 
The extraction data presented in this thesis was utilized to determine two quantities: percent 
sorption of uranium from the solution and the distribution coefficient for uranium. The 
uncertainty of each parameter was determined by taking the quadrature sum of the individual 
sources of error and was calculated using Equation 54 and  
Where: 
kd = distribution coefficient 
Eff = error of counting efficiency 
DPM = error of activity 
CRI = error of initial count rate 
CRF = error of final count rate 
V = volumetric error 
175 
 
σ = standard deviation of values 
 
Equation 55 [32].  
Equation 54 







kd = distribution coefficient 
Eff = error of counting efficiency 
DPM = error of activity 
CRI = error of initial count rate 
CRF = error of final count rate 
V = volumetric error 
σ = standard deviation of values 
 
Equation 55 







S = sorption of U from solution 
Eff = error of counting efficiency 
DPM = error of activity 
CRI = error of initial count rate 
CRF = error of final count rate 
V = volumetric error 




where DPM, CRI, CRF and V represent the fractional error of the activity, the initial count rate, 
the final count rate and the pipetting and measuring (volumetric) error, respectively.  The activity 
(DPM) error was determined to be 1.4%, the efficiency error 4.6%, the volumetric error was 
estimated to be 1% and the error of the count rates for each sample were calculated according to 
Equation 51.  
 Another source of error was the uncertainty of the degree of grafting of the grafted 
fabrics. Because the percent change in mass of the adsorbents were not individually recorded, the 
final degree of grafting was calculated based on the average initial weight of the fabrics 
(Equation 56). The initial weight of the fabrics varied between 6.10 and 6.16 mg, essentially an 
error of 0.33 %. All errors reported for degree of grafting included this error along with the error 
of the mean.  
Equation 56 
Degree of grafting  (%) =  
mf(g) − 6.13 × 10−3
6.13 × 10−3 × 100  
Where: 
mf = mass of grafted fabric 
 
5.4.1.8  Activity of Stock Solution 
 
 Upon receipt of the radioisotope from Eckert & Ziegler, several small aliquots were 
counted in the liquid scintillation counter along with Ultima Gold LLT to confirm the activity 
concentration of the stock solution. The activity per unit mass of the stock solution was reported 
as 20.44 nCi/g with a mass of 10.06 g and a solution density of 0.9982 g/mL. With a reported 
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total uncertainty of ± 3.1%, the activity concentration reported was calculated to be 20.48 
nCi/mL ± 3.1%.  
 Ten-µL aliquots of stock solution were each added to 20 mL of Ultima Gold scintillation 
cocktail and counted for 30 to 100 minutes in the absence of seawater. The activity concentration 
was determined to be 20.45 ± 0.29 [nCi/mL] or 1.26 x 10-1 ± 1.8 x 10-3 [DPM/mL] (1.4% error) 
based on Equation 52. 
 
5.4.1.9   Cocktail Selection 
 
The role of the scintillation cocktail is to transfer energy from the radioactive sample to 
the detector. The counting efficiency of alpha particles with liquid scintillation can approach 
100%, however; the efficiency may be lowered or raised by quenching and luminescence [157]. 
Selection of the most compatible scintillation cocktail for the sample of interest is paramount to 
maintaining the highest counting efficiency possible.  
The ideal cocktail meets the following criteria: 
• Stable dissolution of the radioactive sample without excessive dilution 
• 100% efficiency of energy transfer from sample to detector 
• Safe and environmentally-friendly 
The sample/cocktail mixture should be as homogenous as possible. Ideally, the mixture 
would be transparent after vigorous shaking. For samples of very low activity, is it often 
desirable to count larger samples volumes to increase the count rate. If the sample loading is too 
high, however; a milky, opaque microemulsion may form. The microemulsion may be stable or 
may separate into an organic and a liquid phase. This behavior is highly dependent on the 
compatibility between the radioactive sample and the scintillation cocktail. 
178 
 
Ultima Gold LLT scintillation cocktail is known for featuring high efficiencies with 
seawater samples and has been reported to accept acidified seawater up to 54 volume percent 
[268].  Ultima Gold LLT is a multipurpose cocktail with superior detection efficiency for 
samples that exhibit quench in classical cocktails. Like other members of the Ultima Gold 
family, this scintillation cocktail features a very high flash point, low vapor pressure and low 
toxicity.  
Upon receipt, Ultima Gold LLT (Perkin Elmer) was mixed with increasing amounts of 
synthetic seawater (Cole Parmer) and shaken vigorously to assess the capacity of the cocktail to 
mix with the seawater. Figure 44 shows a photograph of vials with the mixtures of synthetic 
seawater and Ultima Gold LLT after vigorous shaking. Upon shaking, the lowest seawater 
loading (5%), produced a cloudy yet stable emulsion. Loadings of 10, 15, 20 and 30% became 
clear after shaking and remained stable for a period of at least 24 hours, while seawater loadings 
above 40% produced an opaque, milky emulsion. The samples with loadings of 40 and 50% 
underwent phase separation after approximately 15 minutes.  
 
 
Figure 44. Mixtures of synthetic seawater and Ultima Gold LLT after vigorous shaking. 





5.4.1.10  Counting Efficiency 
 
 Quenching and luminescence are known to affect both the pulse height and count rate of 
a sample, either increasing or decreasing the counting efficiency. When determining the activity 
of an unknown solution, the effects of these factors are also unknown and thus, the activity 
cannot be determined without knowledge of the counting efficiency.  
The counting efficiency of alpha particles is not typically affected by quenching, rather, 
these effects are mainly significant for the counting of beta particles and become more 
pronounced at lower particle [157]. Instead, the effect of quench on alpha-emitting radionuclides 
is often manifested by a broadening of the peak which is proportional to the level of quench 
[157]. Although the pulse height may be reduced under such circumstances, the overall number 
of counts (and hence, efficiency) is usually not affected.  
 To maintain high count rates for samples of low activity, a sample loading of 50% spiked 
seawater to 50% scintillation cocktail was used to determine the activity of each seawater 
solution post-contact with the adsorbent (Activity F). Because the effects of quench and 
luminescence may vary with sample loading, it was important to determine the counting 
efficiencies for this sample loading (50%) and the initial sample loading (10%, Activity I) 
For this work, efficiency was determined via the method of internal standard. In this 
method, identical samples both with and without a known amount of 233U were compared. The 
counting efficiency was determined for samples with seawater loadings of 5%, 10%, 15%, 20%, 
30%, 40% and 50% of a 20-mL solution at several different concentrations (Table 10). In each 
case, the non-background sample was spiked with a known activity of 233U.  The counting 




Efficiency (%) = (CPMs+i – CPMs)/DPMi 
Where: 
CPMs+i = Count rate of the sample with 233U standard 
CPMs = Count rate of the blank sample 






Table 10. Average efficiency determined by 24 samples of different loadings spiked with known 
















5 2 3.28 × 10-2 3.49 × 10-2 106.4 
102.0 
10 2 3.28 × 10-2 3.36 × 10-2 
103.9 
10 2 1.23 1.30 × 10-2 
15 2 3.28 × 10-2 3.34 × 10-2 101.0 
20 2 3.28 × 10-2 3.43 × 10-2 104.4 
30 2 1.23 1.304 
105.1 
30 2 3.28 × 10-2 3.42 × 10-2 
40 2 3.28 × 10-2 3.13 × 10-2 95.4 
50 2 1.23 1.226 
99.8 
 
50 2 3.28 × 10-2 3.06 × 10-2 
50 2 9.60 × 10-2 9.87 × 10-2 
50 2 9.60 × 10-1 9.94 × 10-1 
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Table 10 reveals high efficiencies (in excess of 99%) for all samples. Efficiencies of 
greater than 100% were obtained for samples with loadings between 5 and 30%. From this data, 
the value for counting efficiency (ε) and its associated error (Equation 53) was determined to be 
102.0 ± 4.7 %. The exact reason for efficiencies in excess of 100% is not known and is likely due 
to the use of the large (0-2000 keV) counting window. 
It was shown in Figure 44 that the stability of the scintillation cocktail mixture varied 
with sample loading. Interestingly, both the opaque and phase-separated samples still maintained 
very high counting efficiencies despite the unfavorable appearance of the samples. This 
phenomenon has also been observed in the literature [269]. Technically, the transparency of the 
sample/cocktail mixture to visible light is not required for high counting efficiency, as 
demonstrated by the popularity of semi-opaque high-density polyethylene vials for liquid 
scintillation counting.  
The counting of phase-separated samples has been reported to both increase and decrease 
the count rate [154]. A decrease in count rate may be caused by the failure of the sample to mix 
with organic the components of the cocktail. It is possible, however, for the radioactive sample 
component to favor the organic phase and thus be counted at an increased efficiency as the 
component migrates from the aqueous to organic phase. Whether this phenomena occurs for this 
system is unknown.  
 Equation 44 describes the relationship between the count rate of a sample and its activity. 
A question remains regarding the validity of this relationship over a range of count rates, i.e., 
over which range does the count rate remain proportional to the added activity? Before the 
activity of unknown samples can be determined, it must be verified that the reported efficiency 
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of 102.0 ± 4.7 % (see Table 10) is valid over the range of uranium concentrations likely to be 
encountered during experimental work. 
A count rate curve was developed to assess the efficiency of the count rate for uranium 
concentrations ranging over three orders of magnitude. This plot was developed by performing a 
serial dilution to obtain the three concentrations of uranium, both above and below the 
concentrations expected to be encountered in this work. The first two values are representative of 
the residual uranium concentrations after an adsorbent removes 96.9 and 69.2% of the uranium 
from a 3.2 × 10-6 g-U/L solution. The count rates and associated errors obtained after counting 
for 60 minutes are plotted in Figure 45 and tabulated in Table 11. 
  
Figure 45. Count rates and counting efficiencies of samples prepared to 233U concentrations of 






Table 11. Tabulated values and associated counting efficiencies for Figure 45. Errors in DPM, 
CPM and counting efficiency calculated according to Equation 52, Equation 51 and Equation 53, 
respectively. 




Count Rate [CPM] 
Counting Efficiency 
(%) 
    
1.0 × 10-7  (0.1 ppb) 2.2 × 101 2.2 × 101 ± 1.3 102.5 ± 6.2 
1.0 × 10-6 (1 ppb) 2.2 × 102 2.2 × 102 ± 3.8 102.0 ± 2.0 
1.0 × 10-5 (10 ppb) 2.2 × 103 2.2 × 103 ± 31.5 102.5 ± 1.7 
    
Table 11 reveal a linear relationship between count rate and 233U concentration, 
suggesting that for all concentrations between 1 ×10-7 and 1.00 × 10-5 g-U/L, Equation 31 can be 
used to determine solution activity from a given count rate. Because no concentration in this 
thesis was ever measured to below 1 × 10-7 g-U/L, it is not necessary to investigate whether or 
not this correlation continues at lower concentrations. 
 
5.4.2 Extraction Efficiency vs. Degree of Grafting 
 
Quantification of performance as a function of degree of grafting is frequently performed 
for polymers functionalized through graft-copolymerization. Characteristics and properties 
determined as a function of degree of grafting in similar studies include water uptake [270] 
[271], tensile strength [272], ion conductivity [273] [274] [271], electrical [275], metal uptake 
[276] [277] and, specifically, uranium uptake of radiation-grafted adsorbents [278].  
An earlier section discussed the grafting conditions required to produce grafted fabric 
adsorbents ranging from very low (<10%) to very high (>150%) degrees of grafting. If the 
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amount of phosphate functional groups on the adsorbent is proportional to the degree of grafting, 
this would suggest that the extraction efficiency for uranium would also be proportional to the 
degree of grafting. If this is not in fact the case, then there would (presumably) be an optimal 
degree of grafting which would feature the highest distribution coefficient for uranium under 
identical conditions. 
Thirty-nine grafted fabrics with degrees of grafting ranging between 0 and 304% were 
contacted with 38-mL of a 3.25 x 10-6 g-233U/L synthetic seawater solution. Each solution was 
created by spiking 40-mL of synthetic seawater with 60 µL of 233U stock solution (approximate 
sample activity of 1.23 nCi). A 2-mL aliquot of the spiked seawater solution was counted in the 
LSC with 18 mL of Ultima Gold LLT to determine the initial 233U concentration of each 
individual solution. A single grafted fabric sample was then added to the seawater solution in 
addition to a Teflon-coated stir bar. The top of the flask containing the solution was sealed with 
laboratory film and stirred on a magnetic stir plate at 650 RPM for 240 minutes. After the 
adsorbent fabric was removed, the final 233U concentration was determined by counting 10-mL 




Figure 46. Distribution coefficients for phosphate-functionalized fabrics as a function of degree 
of grafting. 3-6 samples per data point. Grafting time = 240 minutes, room temperature. Error 
determined with Equation 54. 
 
Figure 47 reveals the distribution coefficients for uranium obtained for adsorbent samples 
of various degrees of grafting. The large errors associated with samples of higher degrees of 
grafting are due to two reasons. First, high distribution coefficients were obtained for high-
uptake samples. In these cases, a smaller mass of uranium remains in the final solution. Because 
this decreases the count rate of the sample, the error of the count rate increases. Secondly, the 
data in Figure 46 represents the average distribution coefficient of several samples for each data 
point. Distribution coefficients for samples of high dg showed greater variance than those of 
lower dg. This increased the standard deviation of each measurement.  
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The plateau and subsequent decrease in extraction efficiency could possibly be explained 
by increasingly higher degrees of homopolymerization above 70% degree of grafting. At degrees 
of grafting below 76%, the loading capacity is shown to increase with degree of grafting, 
indicating an increase in the number of available reactive sites. After this point, the loading 
capacity is no longer correlated with the adsorbent’s degree of grafting. It is likely that although 
the degree of grafting continues to increase, the number of reactive surface sites available for 
complexing reaches a maximum and eventually begins to decrease. This observation is related to 
the amount of homopolymer on the grafted fabric and can be easily observed with SEM.  
As the degree of grafting of fabric increases beyond approximately 60%, the three-
dimensional features of the fibers on the adsorbent become obscured by thick layers of 
homopolymer, ultimately reducing the surface area of the adsorbent. Because adsorption is likely 
limited to the surface of the adsorbent, an overall reduction in surface area may reduce the 
adsorption capacity even though increasingly larger amounts of monomer are grafted.  
The predicted behavior of the adsorption capacity of the grafted fabrics as a function of 
degree of grafting can be summarized as follows. The surface features described were observed 
visually or with optical and scanning electron microscopy.  
At low degrees of grafting (<60%), the three-dimensional surface structure of the 
nonwoven fabric is well defined. This allows the uranyl ions to freely penetrate into the fabric 
surface with little steric hindrance. Loading capacity is still limited due to less overall phosphate 
functionalization.  
• As the degree of grafting increases above 60%, the thickness of the homopolymer 
layer increases and the fiber structure of the fabric becomes less distinct. Despite 
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this, the surface area of the adsorbent remains high and the increased fraction of 
phosphate-containing monomer allows for uranium extraction above 76%.  
• At very high degrees of grafting (>120%), regions of the fabrics surface become 
completely obscured by homopolymerized monomer. The surface area of the 
grafted fabric decreases. Visually, this can be observed as rigid “bubbles” or 
smooth, glassy layers on the fabric surface. These features could not be removed 
by solvent extraction. Loading capacity and distribution coefficient decrease. 
From the perspective of economic efficiency, phosphate-grafted fabrics grafted to 
between 76 and 100% represented the lowest degrees of grafting required to achieve the highest 
uranium uptake. This minimizes both the time (reducing total dose) and the cost (reducing 






Figure 47. Percentage of uranium removed from a 3.25 ppb solution of 233U in synthetic seawater 
by phosphate-functionalized fabrics as a function of degree of grafting. 3-6 samples per data 
point. Grafting time = 240 minutes, room temperature. Error determined with  
 
Figure 47 shows the uranium uptake capacity of the grafted adsorbents from a 32 mL 
volume of 3.25 ppb 233U in synthetic seawater. The uptake of uranium for samples of dg between 
0 and 38% was very poor, not exceeding 15% sorption in any case. The extraction efficiency 
increased as degrees of grafting were increased between 40 and 75%. Over this region, the 
sorption capacity was observed to increase over 250%.  Distribution coefficient and sorption 
plateaued at approximately 76% degree of grafting, with no additional increases in these values 
observed between 114 and 154% grafting. A set of three samples with an average dg of 292% 
featured very poor extraction capacity.   
The plateau in percent sorption indicates that the maximum uranium uptake capacity is 
hindered by the competition between uranium and competing seawater ions for complexing sites 
on the adsorbent. This was confirmed in the following section by which reveals that increasing 
the contact time between the adsorbent and the spiked seawater solution also does not produce an 
increase uranium uptake beyond 80%.  Results with energy-dispersive x-ray (Section 5.5.3) 
further confirm that the seawater ions sodium, chlorine, calcium and magnesium are present on 
the adsorbent at atom fractions up to 3.6%.  
 
5.4.3 Loading Kinetics 
 
A rapid rate of adsorption of uranium onto the grafted fabrics would be one of the most 
attractive features of the technologies and would be paramount in decreasing the cost of uranium 
extraction. This rate is conventionally characterized by determining the “time to equilibrium”, 
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i.e. the time of contact between the adsorbent and the uranium solution required to reach a 
steady-state. Two other important considerations are 1) the dominant mechanism behind the 
sorption process and 2) the effect of competing ions on the rate of uranium adsorption and the 
equilibrium concentration of uranium on the grafted fabrics.  
For the adsorption of metal ions from solution, the overall adsorption rate is determined 
by the chemical reaction between the ion and the complexing functional group as well as any 
involved transport steps [279]. The mechanisms and kinetics of the possible complexation 
reactions between the radiation-grafted phosphate functional group and the U(VI) ions found in 
seawater are beyond the scope of this dissertation and may be considered by reviewing the work 
of Sandino, et. al [280], Geipel et. al [281], Romero-Gonzalez et. al [282] and Gindler [283]. 
A basic understanding of the dominant adsorption mechanism can be understood by 
comparing the experimental data to various adsorption kinetic models. For example, a stronger 
correlation of experimental data to the pseudo-second-order model over a diffusion-based model 
could suggest that chemisorption, rather than the mass transfer of the ion in the solution, could be 
the rate-determining step [284]. The effect of competing ions, while not explicitly studied in this 
thesis, can be considered by comparing the equilibrium concentration on the grafted fabric to the 
percent sorption of uranium from the seawater solution. This effect is further explored through 
EDS analysis (Section 5.5.3).   
 The rate of uranium adsorption on two sets of grafted fabrics (degrees of grafting of 
104.5% and 46.0%, average mass of 12.5 and 9.0 mg) was studied by contacting the adsorbents 
with a 38-mL synthetic seawater solution containing 3.25 × 10-6 g/L of 233U for time intervals 
between 30 and 480 minutes. Like the majority of the data in this section, the systems containing 
the grafted fabrics in the seawater solutions were sealed with laboratory film and stirred 
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continuously at 650 rpm at room temperature. Data points reported are an average of two 
samples under identical conditions. The distribution coefficients were calculated using Equation 
47, while the concentration of uranium adsorbed on the fabric surface (Q) was calculated with 
Equation 58: 
Equation 58 
Q =  





Q = loading of uranium on the grafted fabric 
Mi = mass of uranium  in seawater solution prior to contact with adsorbent 
Mf = mass of uranium  in seawater solution after contact with adsorbent 
mad = mass of adsorbent 
 
The distribution coefficients of the adsorbents obtained by contact with the 233U solution 
for various time intervals are shown in Figure 48 and Figure 49, with errors calculated using 
Equation 54. In the cases of both high (104.2%) and low (46%) degrees of grafting, the 
distribution coefficient (and hence, the concentration of uranium on the adsorbent), was shown to 
increase until a plateau was reached. After the plateau, no additional uptake occurs as the binding 




Figure 48. Distribution coefficients ( ) and uranium loading ( )for grafted adsorbents in contact 
with 233U-spiked seawater (3.25 × 10-6 g-U/mL) for time periods ranging from 30 to 480 
minutes. Degrees of grafting approximately 104.2 ± 6.0%, solution stirred at 650 rpm at room 





Figure 49. Distribution coefficients ( ) and uranium loading ( ) for grafted adsorbents in contact 
with 233U-spiked seawater (3.25 × 10-6 g-U/mL) for time periods ranging from 30 to 480 
minutes. Degrees of grafting approximately 46.0 ± 3.0%, solution stirred at 650 rpm at room 
temperature. Error determined with Equation 55.  
 
The identity of the controlling mechanism of an adsorption process may have many 
possibilities depending upon the nature of the system. To determine which mechanism is 
dominant for a particular absorption system, whether it be mass transfer or a chemical reaction, 
experimental data is typically tested against several kinetic models [285]. The kinetic model 




Aside from the experiments presented in this dissertation, the kinetics of adsorption have 
been studied for several systems which aim to extract uranium from seawater. Early systems 
based on amidoxime ligands have been modeled using the single-species models of pseudo-first-
order and pseudo-second-order kinetics [286], while batch and flow-through experiments based 
on amidoxime were modelled using the liquid film mass-transfer model and the intra-particle 
diffusion model [264]. Adsorbents developed by Lin et al. revealed a correlation with the 
pseudo-first-order model in acidified water and a very strong correlation with the pseudo-second-
order model in synthetic seawater [287]. In several cases, including Kavakh et. al [86], 
experimental results regarding the time dependence of uranium loading was reported but not 
compared to kinetic models.  
 
Pseudo-first-order kinetics 
In the case of a high initial concentration of solute, the sorption rates can be modelled via 
pseudo-first-order kinetics (Equation 59) [288]. This model has been widely-used to model 
liquid-solid adsorption and is believed to be one of the earliest models of adsorption rate based 
on the overall adsorption capacity [289]. Reported applications of pseudo-first-order reaction 
kinetics include the sorption of arsenite(III) by haemeatite [290], the sorption of nickel(II) by 
china clay [291] and the sorption of lead(II) on a composite biopolymer [292]. The following 




dt =  k1




t = contact time (min) 
Q∞ = the adsorbed uranium amount at equilibrium (mg-U/g-ad) 
Q = the adsorbed uranium amount at time “t” (mg-U/g-ad) 
k1 = the pseudo-first-order rate constant (min-1) 
 
This equation can be re-arranged to obtain Equation 60. When plotted, the data should fit 
a straight line in which the slope of the line is the constant k1.  
Equation 60 





 At present, the pseudo-second order kinetic model is the most commonly used expression 
to model solid-liquid sorption systems, particularly for sorption of heavy metals and for systems 
which possess a low initial concentration of solute [294] [285] [288]. Chemical sorption 
(specifically, complexation) is assumed to be the mechanism of adsorption as well as the rate-
limiting step [264]. In this case, the sorption capacity (Q∞-Q) is proportional the number of 
available sites on the adsorbent [289].This yields Equation 61, with k2 being the pseudo-second-
order rate constant (t-1). 
Equation 61 
dQ







t = contact time (min) 
Q∞ = the adsorbed uranium amount at equilibrium (mg-U/g-ad) 
Q = the adsorbed uranium amount at time “t” (mg-U/g-ad) 
k2 = the pseudo-second-order rate constant (min-1) 
 
Integration of Equation 61 produces Equation 62, in which the rate constant can be determined 












t = contact time (min) 
Q∞ = the adsorbed uranium amount at equilibrium (mg-U/g-ad) 
Q = the adsorbed uranium amount at time “t” (mg-U/g-ad) 
k2 = the pseudo-second-order rate constant (min-1) 
 
 
 This equation is particularly convenient in that, unlike the pseudo-first-order equation, 
the equilibrium adsorption capacity Q∞ does not need to be known for the equation to be applied 







Intraparticle Diffusion Model 
 
 A diffusion-based model can be expressed by the Morris-Weber equation (Equation 63). 
The intra-particle diffusion model is another simplified model in which the overall rate of 
sorption is controlled by the rate of diffusion into the sorbent [294]. A survey of the literature 
performed by Wu et.al concluded that applications of the model can be categorized into three 
forms. The first and second forms involve plotting Q as a function of t1/2, in which the straight 
line passes through the origin (form 1) or above the origin (form 2), while the third form is multi-
linear in which two or three steps are involved [295].  
Systems that exhibit kinetic behavior based on this model include the adsorption of 
copper(II) on chitosan [296], cationic dies on super-adsorbent polymer [297] and the adsorption 
of various ions and compounds onto activated carbon [298] [299] [300]. Comparing 
experimental data to the intra-particle diffusion model can be performed by plotting Equation 63. 
If the data fits a straight line, intra-particle diffusion may be the rate-limiting step [289].   
Equation 63 
𝑄 =  𝑘𝑖√𝑡 
Where: 
t = contact time (min) 
Q = the adsorbed uranium amount at time “t” (mg-U/g-ad) 
ki = the intra-particle diffusion rate constant (min-1) 
 
The kinetic parameters derived from applying each rate equation are summarized in 
Table 12. In the case of the pseudo-first-order model, the equilibrium concentrations were 




Table 12. Rate constants and correlation coefficients for two sets of experimental data plotted as 
Equation 60,  Equation 62 and Equation 63. For all samples, the initial uranium concentration 










[mg-U/g-ad] k1 [min-1] R2 k2 [x 10-3 min-1] R2  R2 
        
















Figure 50. Fit of kinetic data against the pseudo-first-order kinetic model.  
 





Figure 52. Fit of kinetic data against the intra-particle diffusion model.  
 
The pseudo-second-order model showed the strongest correlation with both sets of the 
experimental data (Figure 51). Correlation coefficients obtained were 0.988 and 0.855 for grafted 
fabrics of dg = 104.2% and 46.0%, respectively. Solving for constants, the pseudo-second order 
rate constants and equilibrium concentrations for uranium of were derived. For the case of high 
degrees of grafting (104.2%), the equilibrium concentration was 4.83 x 10-3 mg-U/g-adsorbent. 
For the case of low degrees of grafting (46.0%), the equilibrium concentration was 4.72 x 10-3 
mg-U/g-adsorbent. This indicates that during the experimental time period of 480 minutes, 
equilibrium was reached for the samples of high dg but not for the samples of low dg. This 
conclusion can also be reached by examining the plotted data (Figure 48 and Figure 49).  
Both the pseudo-first-order (Figure 50) and intra-particle diffusion (Figure 52) methods 
showed poor correlation with the experimental data. The pseudo-first-order model shows a 
correlation during the initial reaction period, however; this model deviates significantly 
thereafter.  
Correlation of the experimental data with the pseudo-second-order model suggests that 
the capacity for adsorption is proportional to the number of active sites on the sorbent [301], and 
that the rate-controlling step of the adsorption process is the complexation of the uranium onto 
the functionalized adsorbents. Tested samples of both high and low degrees of grafting were 
quick to reach equilibrium, with those of high dg shown to achieve equilibrium in approximately 
120 minutes. Those of low dg reached approximately 94% of the equilibrium value over four 
hours.  
It should be noted that at equilibrium, the percentage of uranium not removed by the 
system was between 63% and 79% for the adsorbents of lower (46%) dg and between 45% and 
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67% for the adsorbents grafted to higher (104.2%) dg. This indicates that the adsorbing sites on 
the grafted fabrics were completely consumed before the uranium available in the solution could 
be further depleted. Given the presence of non-uranium ions such as Mg, Na and Al in 
extremely-high concentrations in seawater, it should be considered that these ions may be 
competing for adsorption sites and may ultimately limit the capacity for uranium adsorption at 
low uranium concentrations.  
Despite this hindrance, experimentation with these competing ions is necessary in order 
to understand the behavior of the grafted adsorbents in real seawater. Section 5.5.3 describes the 
Energy-Dispersive X-ray (EDS) analysis of a grafted fabric after contact with the 233U-spiked 
seawater. Many elements, including Mg, Na and Cl, were discovered on the surface of the 
grafted fabric at concentrations far exceeding uranium.   
Alternatively, the affinity of the adsorbent for ions other than uranium could be 
considered an advantage if these ions are either desired as minerals or to be removed for 
remediation purposes. The simultaneous extraction of uranium along with As and V [259], Ti, 
Co, Ni, and Pb [12] has been reported using functionalized polymeric adsorbents.   
For any future work, it is strongly suggested to compare the kinetics of adsorption 
between seawater systems containing various concentrations of 233U. Kinetic studies have been 
perform on many adsorbents for uranium, but comparison of the time-to-equilibrium of the 
grafted fabrics described to that of other technologies requires testing of the grafted fabrics at 
similar (higher) uranium concentrations. In addition to affecting the time-to-equilibrium, it has 
been mentioned in several published studies that a change in ion concentration may affect the 
sorption behavior of a system. For example, Azizian et al. predicts that a sorption process may 
follow pseudo-first-order kinetics at high solute concentrations and pseudo-second order kinetics 
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and lower solute concentrations [288]. The kinetic behavior of the phosphate-grafted adsorbents 
under conditions of very high uranium concentration may also provide information on how the 
equilibrium concentration is effected by the presence of competing ions. 
 
5.4.4 Extraction Temperature 
 
 A change in extraction temperature may have several effects. For one, it may alter the 
equilibrium capacity of the adsorbent. An increase in temperature has been observed to increase 
the rate and capacity of uranium adsorption from seawater in several studies [264].  
 To assess the effects of temperature on the phosphate-grafted nylon adsorbents, 
distribution coefficients for six samples (dg = 90.7 ± 1.9 %) were determined at three different 
extraction temperatures, low (3.1 ± 1.7 °C), intermediate (22.3 ± 0.5°C) and high (39.1 ± 7.9 °C).  
Temperatures were selected to simulate the range of natural coastal seawater 
temperatures. The global average seawater temperature (20th century average) is 15.5 °C [302].  
The lowest temperatures are found in the Earth’s polar regions, where seawater coexists with ice 
and its temperatures can be as low as -5 °C [303]. In certain regions, the temperature of shallow 
coastal waters can reach 32 °C [304], with temperatures sometimes exceeding 38 °C.   
 All grafted fabrics were contacted with synthetic seawater (3.25 x 10-6 g-233U/L) in a 
stirred solution for 240 minutes. Intermediate temperatures were achieved by performing the 
extraction at room temperature. The highest temperatures were achieved with use of a stirring-
heating combination plate, which produced the largest variations in temperature of the entire 
experiment (between 30.7 and 52.8 °C). Low-temperature data was obtained by immersing the 
flask containing the adsorbent-seawater system in an ice bath and replacing the ice at 30 minute 
intervals. Regardless of the extraction temperature, all aliquots removed to determine sample 
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activity were obtained at room temperature to eliminate any possible effects from variations in 
solution density.  
 Figure 53  and Figure 54 reveal an increase in uranium adsorption capacity with an 
increased temperature of extraction. This is in agreement with the behavior of uranium uptake in 
seawater observed by studies on other polymeric adsorbents, including those based on 
amidoxime. By increasing the temperature 17 degrees, the loading of uranium on the grafted 
fabric was shown to increase by 29%. Similarly, a 19 °C decrease in temperature produced a 
29% decrease in uranium loading.  
 The data on temperature dependence acquired in this experiment can only provide a 
comparison of the extraction capacity of the adsorbent for a fixed time (240 minutes) and a fixed 
uranium concentration. Should these experiments have been expanded to provide kinetic data 
(and hence, reaction rate constants) at various temperatures, an Arrhenius plot could reveal the 
activation energy of the adsorption process. This could enable determination of the rate constant 
at any temperature. Similarly, the thermodynamic parameters of ΔH (reaction enthalpy) and ΔS 
(entropy change) could be derived from the Van’t Hoff equation by plotting lnkd vs. 1/T [305].  
 The results of this experiment conclude that, if full-scale testing should occur, higher 





Figure 53. Distribution coefficients obtained by contacting grafted fabrics (dg = 90.7%) with 
synthetic seawater spiked to 3.25 ppb 233U at various temperatures. Error determined with 




Figure 54. Loadings of 233U obtained by contacting grafted fabrics (dg = 90.7%) with synthetic 
seawater spiked to 3.25 ppb 233U at various temperatures. Error determined with Equation 55. 
 
5.4.5 Distribution Coefficients and Loading Capacity 
 
Extraction capacity of the adsorbents was quantified by determining their distribution 
coefficients (kd) for uranium as well as their uranium loading capacity under various conditions. 
Distribution coefficients were in the range of 102 to 104 mL/g for adsorbents contacted with 
synthetic seawater spiked with 3.25 ppb 233U, with corresponding loadings of uranium in the 
range of 10-4 to 10-3 mg-233U/g-adsorbent. Although these values are several orders of magnitude 
lower than those obtained by the highest-performing adsorbents in other studies, the assumption 
that the extraction capacity of this adsorbent is lower than those of competing adsorbents cannot 
be made without additional experiments.  
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A comprehensive summary of the loading capacity for uranium of various adsorbents in 
different media (synthetic solution, soil, fresh water, etc.) is provided by Aly and Hamza [306]. 
Additionally, a comparison of the uranium loading capacities of amidoximated polymeric 
adsorbents is provided by Kavakh et. al [86], however; many (if not all) of these experiments 
were performed at initial uranium concentrations of 100 ppb or more. In fact, these extraction 
experiments are routinely performed at concentrations in the range of parts-per-million, over one 
thousand times greater than those in this dissertation. Because the magnitude of the distribution 
coefficient is dependent upon the uranium concentration in solution, it is not appropriate to 
compare distribution coefficients obtained at different concentrations.  
Similarly, values for loading of uranium on the adsorbent are limited by the overall 
amount of uranium in the solution. For a fixed volume, a solution of 1.0 ppm uranium will 
possess one thousand times the mass of uranium than a system at 1.0 ppb. The system of lower 
concentration (although more representative of the concentration of uranium in nature) cannot 
obtain the high values for loading that are possible with the system of lower concentration.  
Indeed, is was not possible for the grafted adsorbents tested in this thesis to obtain a loading 
greater than 1.89 × 10-2 mg-233U/g-adsorbent based on 38 mL of testing solution at 3.25 ppb 
233U.  
For a fixed concentration, the limitations on uranium loading due to the overall mass of 
uranium in the system can also be avoided by using either a continuous feed system or by 
performing the extraction in a very large volume, such as the ocean. Several experiments with 
amidoxime-based adsorbents for uranium were conducted either in-ocean or with a continuous 
flow of real seawater (~3.3 ppb), however; these studies differ significantly from this thesis in 
that the adsorbents were in the open ocean and therefore contacted with an unlimited supply of 
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uranium over the time period of days to months. Distribution coefficients in these studies ranged 
from 104 to 106, while uranium loadings ranged from 0.01 to 3.2 mg-U/g-adsorbent [264].  
 The highest loadings of uranium obtained in this work are summarized in Table 13. 
Although testing at higher uranium concentrations was intended, at the end of the experiment 
only enough 233U remained to test one grafted adsorbent of dg = 71.5% at an increased 
concentration of approximately 7.0 ppb 223U. As expected, this sample produced the highest 
loading of uranium observed (0.01 mg/g) over all experiments. The rest of the adsorbents 
summarized in Table 13 were tested at an initial 233U concentration in the range of 3.0 to 3.3 ppb.   
  




Initial [U]  








71.5 6.98  1,423 39.3 2.34 × 103 1.0 × 10-2 
77.3 3.25  240 73.8 9.83 × 103 8.4 × 10-3 
44.4 3.02  240 80.0 1.22 × 104 7.4 × 10-3 
92.2 3.33  240 64.8 5.94 × 103 7.0 × 10-3 
99.5 3.26  240 66.5 6.17 × 103 6.7 × 10-3 





5.4.6 Experimental pH 
 
Ideally, all experiments would be performed at pH values simulating that of natural 
seawater, which features a range of pH from 7.5 to 8.5 [304]. It was mentioned in a previous 
section that the chemical form of uranium is highly dependent on pH, with uranyl tricarbonate 
(UO2(CO3)34-) being the dominant chemical form in the pH range of seawater. Due to the 
importance of pH on the chemical form and binding mechanism of uranium in seawater, such 
experiments have been described in the works of Zhang et al. [307], Yamashita et al. [308], Saito 
et al. [309] and many more.  
The values of pH used in this experiment were consistently between 6 and 8 as measured 
with pH test strips. An exact pH is not known as samples were not accurately tested with a pH 
meter. Because the 233U stock solution was in the form of uranyl nitrate in dilute nitric acid (pH 
1), it would be expected for the solution pH (at 3.25 ppb 233U in seawater) to be near or below 
the pH seawater. This depends upon the buffering power of the synthetic seawater. Should the 
work presented in this dissertation be continued, determining the pH of the solutions utilized in 
this solution should be a priority. Additionally, an experiment to determine the extraction 
efficiency of identical grafted fabrics at different levels of pH should also be conducted.  
5.4.7 Extraction Capacity Summary  
 
 A radiotracer was used to characterize the extraction efficiency of the grafted fabrics by 
determining their distribution coefficients and loadings of uranium after contact with synthetic 
seawater solutions containing added 233U.  This was achieved by determining the activity of the 
extracting solution through gross alpha counting. Derived from the sample activity, the mass of 
uranium removed from the solution was used to calculate the percent sorption of uranium from 
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the solution, the loading of uranium on the grafted fabrics and the distribution coefficient for 
uranium of the grafted fabrics. Such results were obtained by contacting the grafted fabrics with 
synthetic seawater spike with 233U at natural (3.25 ppb) uranium concentrations. 
Uranium uptake was shown to increase with degree of grafting, until an equilibrium was 
reached at approximately 76%. At 292% degree of grafting, the adsorption capacity decreased 
substantially. Based on these observations, the ideal range of degree of grafting to achieve the 
highest uranium uptake with the lowest radiation dose and consumption of monomer was 
determined to be 76 - 100%. 
 A set of adsorbent fabrics grafted to 104% was shown to reach equilibrium after 
approximately 120 minutes of contact time with 233U-spiked synthetic seawater. A similar set 
grafted to 46% did not reach equilibrium during the experimental time of 480 minutes. Data from 
both experiments was tested against the pseudo-first-order, pseudo-second-order and intra-
particle diffusion kinetic models. A strong correlation was found with the pseudo-second-order 
kinetic model, indicating that the rate-limited step of the process was the formation of chemical 
bonds between the functionalized adsorbent and uranium. At such low concentrations of 
uranium, was also suggested that the equilibrium capacity of the adsorbents was strongly 
affected by the presence of competing ions.  
 The uranium loading capacity of the grafted fabrics was shown to increase with 
temperature, with a 19 ˚C temperature increase to 39 °C corresponding to a 29% increase in 
uranium loading for fabrics grafted to 90.7%. This is in agreement with similar technologies, 
suggesting that maximum extraction efficiency for full-scale testing can be achieved at locations 
with higher seawater temperatures. The pH of the 233U-spiked synthetic seawater solutions used 
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to determine the distribution coefficients and uranium loadings were not accurately measured, 






5.5.1 Fourier Transform Infrared Spectroscopy 
 
 FTIR analysis was also performed using a Thermo-Nicolet Nexus 670 FTIR with the 
attenuated total reflectance module in the University of Maryland Department of Chemistry.  
 The FTIR spectra of three sets of samples were compared to investigate the chemical 
changes that occur in the Winged nylon substrate after irradiation or grafting with B2MP. The 
first comparison made was between the virgin (un-irradiated) substrate and similar samples 
grafted with B2MP to low (30.4%), intermediate (50.3%) and high (136.5%) degrees of grafting 
(Figure 55). These grafted fabrics were synthesized using Co-60 gamma radiation and 100% 
absolute ethanol as a solvent. Spectra comparison between un-irradiated and grafted 
(functionalized) co-polymers with FTIR is routinely reported in the literature, typically by 
assessing the changes in specific functional groups. These groups commonly include the CH2 
and C=O stretching vibrations at 2931 and 1724 cm-1, respectively. Ducouret et al. has also 
proposed a method to estimate the degree of grafting of such samples using FTIR analysis alone 
[310].  
 Figure 56 compares the spectrum of the un-irradiated Winged nylon substrate to those of 
substrates irradiated with electron beam to 2 kGy and 30 kGy (in N2-saturated water) as well as 
164 kGy (in air-saturated water). This was performed to investigate any effects of irradiation of 
the nylon substrates independent of grafting. Modifications to polymers upon irradiation have 
been widely observed with FTIR. Porubska et al. reported many changes in nylon-6 after 
irradiation to very high doses (500 and 1000 kGy) with electron and proton beams [311]. The 
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most significant changes observed with FTIR analysis were after irradiation with proton beam 






Figure 55. FTIR spectra of A) virgin nylon-6 fabric, un-irradiated; B) Winged nylon-6 grafted 
with B2MP in ethanol, dg = 30.4%; C) Winged nylon-6 grafted with B2MP in ethanol, dg = 
50.3%; D) Winged nylon-6 grafted with B2MP in ethanol, dg = 136.5%; Y-axis: absorbance (%) 
 
Figure 56. FTIR spectra of A) virgin nylon-6 fabric, un-irradiated; B) Winged nylon-6 irradiated 
with electron beam in water to 2 kGy (20.3 Gy/pulse N2-purged); C) Winged nylon-6 irradiated 
with electron beam in water to 30 kGy (20.3 Gy/pulse, N2-purged); D) Winged nylon-6 
irradiated with electron beam in water to 164 kGy (4.2 Gy/pulse, in air)Y-axis: absorbance (%) 
214 
 
Table 14. Frequencies and assignments of relative IR bands 
IR band (cm-1) Assignment 





























































    
 Functional group analysis for both FTIR and Raman was performed using KnowItAll 
spectral processing software by Bio-Rad, Inc. KnowItAll features spectral libraries that include 
nearly 1.4 million spectra for infrared spectroscopy, Raman spectroscopy and others [312]. Table 
14 summarizes the peaks observed by FTIR analysis (Figure 55 and Figure 56) of un-irradiated, 
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electron-beam irradiated and B2MP-grafted nylon fabrics. The first column lists the expected 
location of the peak as predicted by the KnowItALL spectral library. The second column lists the 
observed peak location while the third and fourth columns describe the functional group as well 
as the bond and vibrational mode assigned to the peak, respectively. Comparison of peak 
intensities between spectra was performed by normalization with respect to the baseline. 
Baseline correction was not applied for spectra obtained with FTIR.    
 The FTIR spectrum of the virgin (un-irradiated, un-grafted) Winged nylon-6 fabric is 
shown in Figure 55(a) and Figure 56(b). The characteristic peaks of the amide functional group 
include stretching (3295 and 3087 cm-1), bending (1537 cm-1) and deformation (1263 and 689 
cm-1) of the N-H bond, stretching of the C-N bond (1263 cm-1) and characteristic amide C=O 
stretch (1633 cm-1).  The aliphatic component of nylon-6 was observed as CH2 stretching 
vibrations at 2931 and 2860 cm-1. The observed FTIR spectrum of virgin nylon-6 was found to 
correspond well with spectra of nylon-6 reported in the literature [313] [314] [315].   
 Many changes were observed to occur upon grafting of B2MP onto Winged nylon-6 
(Figure 55). The bands at 1633 and 1537 cm-1 decreased with increasing degree of grafting, 
representing a reduction in a combination of vibrations from the bonds C=O, C-N and N-H of the 
amide. The bands at 3295 and 3087 cm-1, corresponding to N-H stretching of the amide, were 
also observed to decrease with increasing degree of grafting. The decrease of the bands 2931 and 
2860 cm-1(CH2 stretching vibration) are of particular interest. These bands represent the aliphatic 
component of nylon-6, a region in which hydrogen atoms are readily abstracted from the 
polymer backbone via the free radical mechanism to provide sites for grafting. The observed 
reduction in CH2 vibrations may suggest that the grafting reaction takes place preferentially on 
the aliphatic [-(CH2)5-] region of nylon-6.  
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 Several new bands observed for Winged nylon grafted with B2MP, most notably the 
appearance of a peak at 1724 cm-1 that corresponds to stretching of the carbonyl (C=O) group. 
Many studies have utilized the carbonyl band as an indicator of chemical changes, such as 
oxidation, that occur in the modified polymer. The “carbonyl index” represents the relative 
intensity of the carbonyl band (1724 cm-1) and is used to quantify changes that are observed by 
comparing the spectra of grafted and un-grafted substrates.  The bands attributed to phosphate, 
P=O (1026 cm-1) and P-O (985 cm-1), were not present in the virgin nylon and were shown to 
increase with degree of grafting. 
 No IR spectra of the monomer B2MP (bis(2-methacryloxyethyl) phosphate) were 
discovered in the literature. The bands representing C=O (1724) and P-O (985) were observed by 
Wentrup at al. for the mono-vinyl version of B2MP, methacryloxyethyl phosphate (MOEP) [81]. 
Three similar monomers, tris[2-methacryloyloxy ethyl] phosphate, bis[2-methacryloyloxy ethyl] 
phosphate and 2-[methacryloyloxy ethyl] phosphate showed similar bands to B2MP at 1716 
(C=O), 1170 (C-C-O), 1033 (P=O) and 989 cm-1 (P-O-C) [78]. In the case of the two poly-
functional monomers, the intensities of the methacrylate bands were observed to be higher than 
that of the mono-functional monomer. The broad hydroxyl (O-H) band at 3450 cm-1 was 
observed for the mono- and di-functional monomer but not for the tri-functional monomer or for 
B2MP grafted onto Winged nylon.  
Jang et al. also reported a decrease in the intensity of the ethylene unsaturation band 
(1635 cm-1) for tris[2-methacryloyloxy ethyl] phosphate upon curing with UV radiation, 
indicative of vinyl polymerization of the monomer [78]. Measuring the decrease in intensity of 
this band upon irradiation has been reported in the literature as a method to estimate the percent 
conversion of monomer to polymer for vinyl compounds [316]. Among the measured samples of 
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B2MP grafted onto Winged nylon, it is clear that this band is definitely not displayed at the 
highest degree of grafting (Figure 55(d)). The presence and intensity of this band at lower 
degrees of grafting is unknown due to spectral overlap with the C=O stretching band of the 
amide. 
 No changes were observed upon irradiation of Winged nylon-6 in the absence of B2MP. 
The absence of a carbonyl (C=O) stretching band around 1720 cm-1 suggests that irradiation of 
nylon-6 in nitrogen-saturated water to 2 and 30 kGy with electron beam produced no observable 
oxidation. Interestingly, electron beam irradiation in air-saturated water to a very high dose (164 
kGy) produced no observable oxidation as well as no observable changes when compared to un-
irradiated nylon-6.  
The absence of oxidation could be attributed to one of two possibilities. The first 
possibility is that oxidation did occur, but the concentration of oxygen-containing functional 
groups was too low to detect with FTIR or Raman. The second and most likely possibility is that 
the oxygen present in air-saturated water was consumed via radiolysis before interacting with the 
substrate (Section 5.3.5). This suggests that purging of the grafting solution with inert gas to 
limit oxidation is not necessary for the electron-beam irradiation of sealed samples.  
Although no oxidation was observed for Winged nylon irradiated with electron beam, it 
should not be assumed that samples irradiated with gamma rays would also undergo no 
oxidation. Because spectra were only obtained for Winged nylon-6 fabrics irradiated with the 
electron beam, future work should include FTIR analysis of gamma-irradiated Winged nylon. 
The long irradiation times associated with Co-60 or Cs-137 gamma irradiation have been known 
to increase the susceptibility of polymer samples to oxidative degradation, which produces 
carbonyl-containing functional groups including carboxylic acids, aldehydes and ketones from 
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structures of the type ROOH or ROOR along the backbone of the substrate [39]. If the carbonyl 
band is indeed observed upon gamma irradiation, the extent of oxidative degradation observed 
under various irradiation conditions could be determined by calculating the “carbonyl index” or 
“oxidation index”, a factor representing the relative peak intensity of the carbonyl stretching 
band (~1720 cm-1) [317] [318]. 
 
5.5.2 Raman Spectroscopy 
 
Characterization with Raman Spectroscopy was performed using the Horiba Yvon 
LabRam ARAMIS true confocal Raman microscope in the UMD Surface Analysis Center 
(Department of Chemistry). Before use, the instrument was calibrated with a silicon standard by 
focusing the confocal microscope at the 10x, 50x and 100x objectives using a real-time camera.  
No sample preparation was required, rather, after calibration the individual Winged nylon 
samples were placed directly inside the instrument on a glass slide beneath the lenses of the 
confocal microscope. The confocal microscope enabled selection of specific surface features to 
analyze, during which time spherical structures were discovered on the fibers of the grafted 
fabrics. These structures were investigated further with SEM/EDS and are discussed in detail in 
Section 5.5.3.  
On several occasions, spectra could not be recorded due to high levels of fluorescence in 
the sample. Counteracting fluorescence is one of the greatest challenges of performing Raman 
spectroscopy. Fluorescence increases the background of the spectrum and can interfere with or 
completely hide Raman bands with intensities that are comparable to or smaller than the 
fluorescence signal [182]. Unfortunately, fluorescence is a major obstacle to Raman analysis of 
polymers and may prevent analysis of 95% of polymer samples [180].  Impurities within the 
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sample are a common cause of fluorescence. For example, an impurity at concentrations on the 
order of parts-per-million would produce ten fluorescence photons for every Raman photon 
[180]. During most measurements, fluorescence was sequestered by switching laser sources. The 
occurrence of fluorescence required the use of background subtraction to obtain Raman spectra 
that were fit for processing. This was performed using the “background subtract” feature 
available with the Raman acquisition software, Labspec by Horiba.  
The same grafted nylon samples analyzed with FTIR spectroscopy were also analyzed 
with FTIR. Due to the mutual exclusion principle described on Section 4.5, Raman is well 
known to provide spectral information that cannot be observed with FTIR. Figure 57 compares 
the FTIR and Raman spectra obtained for a Winged nylon-6 fabric grafted with B2MP to a 
degree of grafting of 50.3%. It can be readily observed from Figure 57 that the bands of the 
fingerprint region (1500 to 800 cm-1) are much more prominent with FTIR, while the bands in 
the range of 3100 to 2800 cm-1 are more prominent with Raman. Although many bands are 




Figure 57. FTIR (top) and Raman spectra (bottom) for Winged nylon-6 grafted with B2MP in 






Figure 58. Raman spectra of A) virgin nylon-6 fabric, un-irradiated; B) Winged nylon-6 grafted 
with B2MP in ethanol, dg = 30.4%; C) Winged nylon-6 grafted with B2MP in ethanol, dg = 





Table 15. Frequencies and assignments of relative Raman bands 
IR band (cm-1) Assignment 

































































a. (Stuart, 1994) 
b. (Cho, 2007) 




Peak intensities between different Raman spectra were compared by overlaying the 
spectra normalized against the CH2 stretching band (2902 cm-1) and the baseline. Baseline 
correction was applied to compensate for fluorescence.  
Figure 57 compares the FTIR and Raman spectra obtained for a single sample, B2MP 
grafted onto Winged nylon-6 to 50.3%. The intensity of the bands in the region of 3100 to 2700 
cm-1 was significantly higher with Raman than with FTIR. The bands at 1724 and 1633 were 
much less intense for Raman than with FTIR. Likewise, the fingerprint region (1500 to 800 cm-1) 
was also more intense with FTIR.  
The Raman spectrum obtained for virgin, un-irradiated Winged nylon (Figure 58(a)) 
corresponds well with the spectra of nylon-6 reported by Stuart [319] and Hendra et al. [320].  
Amide functional groups identified with Raman include those at 1636 cm-1 (C=O stretching), 
1463 and 1438 cm-1 (CNH stretching/bending) and 1278 cm-1 (C-N stretching). Functional 
groups representing the aliphatic portion of nylon-6 include those at 2931, 292 and 2873 cm-1 
(CH2 stretching), 1463 cm-1 (CH2 bending), 1373 and 1308 cm-1 (CH2 wagging and twisting, 
respectfully) and 1124, 1079 and 1061 cm-1 (C-C stretching). Unlike FTIR, the bands in the 
lower region of the spectrum in the range of 1000 to 500 cm-1 were found to correlate poorly 
with known Raman bands. For this reason, not all peaks in this region were identified.  
Unlike FTIR spectra, the availability of Raman spectra for monomers similar to B2MP 
was very limited. Spectra B, C and D of Figure 58 were acquired after grafting of the nylon-6 
with B2MP. The bands at 2873 (CH2 stretching) 1635 (amide C=O stretching), 1438 (CNH 
stretching/bending), 1373 (CH2 wagging), 1308 (CH2 twisting), 1278 (C-N stretching), 1124 (C-
C stretching), 1079 and 1061 (C-C stretching) are associated with the polyamide component of 
the grafted fabrics and were observed to decrease with increasing degree of grafting. New bands 
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were observed upon grafting with B2MP at 1726, 1386, 1282 and 963 cm-1 - corresponding to 
C=O stretching, CH3 deformation, C-O-C stretching and P-O stretching, respectively.  
A comparison of the spectra obtained with FTIR and Raman confirms that the two 
methods are complementary to one another. The intensity of non-polar functional groups are 
typically higher with Raman than with FTIR, which explains why functional groups defining the 
backbone of Winged nylon and B2MP (CH2, C-C, CH3) are either enhanced with or visible only 
with Raman. Likewise, the bands that represent polar functional groups are more intense with 
FTIR.  
 Bands representing the hydroxyl functional group, such as those at 2725-2525 cm-1, 
1740-1600 cm-1 and 1040-909 cm-1were not observed for any spectra with FTIR or Raman. An 
additional Raman peak at 600 cm-1 was observed to increase with increasing degree of grafting 
(Figure 58). Raman functional group tables attribute the peak at 600 cm-1 to the NCO bending 
vibration. It is unknown why this peak was observed for B2MP grafted onto Winged nylon-6 and 
not for the Raman spectrum obtained for virgin nylon-6.  
  Overall, both FTIR and Raman we used to make a comparison between the structures of 
Winged nylon-6 fabrics grafted with B2MP to various degrees of grafting as well as Winged 
nylon-6 fabrics irradiated nylon-6 fabric. The expected functional groups present in both grafted 
and un-grafted nylon-6 were observed, and grafting of B2MP onto Winged nylon-6 was 
confirmed by the observation of both a decrease in the intensity of the CH2 band with increasing 
degree of grafting and an increase in the carbonyl band with degree of grafting. Electron beam 
irradiation in N2-purged and air-purged water produced no observable oxidative degradation with 
FTIR after 192 kGy.  
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 Images obtained during focusing of the confocal Raman microscope revealed distinct 
surface features for B2MP grafted onto Winged nylon in water and ethanol. Unlike those of the 
virgin substrate (Figure 59), the surfaces of the Winged nylon fibers were coated with spherical 
particles ranging in diameter from approximately 0.2 µm to several millimeters. This does not 
mean to imply that smaller particles did not exist, rather that such spheres may not be visible 
because the resolution limit of optical microscopy is approached at this scale. The number of 
particles was observed to increase with degree of grafting for adsorbents grafted in ethanol.  
 
 
Figure 59. Optical micrograph taken with the confocal Raman microscope of un-irradiated 




Figure 60. Optical micrograph taken with the confocal Raman microscope of B2MP grafted onto 
Winged nylon to 73.4% in water. 10x objective, scale approximate 
 
Figure 61. Optical micrographs taken with the confocal Raman microscope of B2MP grafted 




Figure 62. Optical micrographs taken with the confocal Raman microscope of B2MP grafted 
onto Winged nylon to 30.4% in ethanol. 100x objective, scale approximate 
 
Figure 63. Optical micrographs taken with the confocal Raman microscope of B2MP grafted 




Figure 64. Optical micrographs taken with the confocal Raman microscope of  B2MP grafted 
onto Winged nylon to 136.5% in ethanol. 100x objective, scale approximate 
 
Figure 65. Optical micrographs taken with the confocal Raman microscope of B2MP grafted 




In the case of adsorbents grafting in ethanol, those samples of low degrees of grafting 
showed small particles scattered along the substrate fiber (Figure 62) and those with intermediate 
and high degrees of grafting (Figure 63, Figure 64, Figure 65) showed an agglomeration of 
spherical particles on the surface which forms a thick coating. Figure 65 suggests that at a degree 
of grafting of 136.5%, the amount of spherical particles is enough to obscure the original 
morphology of the fabric surface and reduce the overall surface area of the adsorbent. 
 Adsorbents grafted in water also revealed spherical surface features. Although an 
insufficient number of images were obtained to make a definite conclusion, a general observation 
is that the microspheres were larger in size and more polydisperse yet smaller in number than 
those observed with adsorbents grafted in ethanol.  A possible explanation for the formation of 
these spherical particles is provided in Section 5.3.3 and Section 5.5.3. 
Because uranium extraction testing and SEM/EDS analysis was only performed on 
adsorbents grafted in ethanol, the conclusions made in this thesis regarding extraction of uranium 
and mechanisms of polymer microsphere formation are primarily directed towards ethanol, not 
water. A deeper investigation into adsorbents grafted in water would be a worthwhile endeavor.   
5.5.3 Scanning Electron Microscopy 
 
 A Hitachi S-3400 variable-pressure SEM (located at the UMD Nanocenter) was used to 
investigate the surface morphology of the grafted fabrics at high magnification. Conventional 
SEM often requires non-conductive samples such as polymers to be coated with a thin layer of 
metal before analysis. The use of variable-pressure SEM allowed the grafted fabric samples to be 
characterized without any sample preparation.   
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Surface analysis of polymers functionalized through graft polymerization has been 
investigated in the literature with SEM for many monomer-substrate combinations. The modified 
polymer is typically compared to the ungrafted base polymer to observe any morphological 
changes with grafting.  
 Common observations which indicate whether or not grafting has occurred include an 
increase in diameter of the trunk polymer fibers or an increase in the roughness of a surface. 
Surface swelling has been observed for phosphoric acid-containing-methacrylate grafted onto 
polyethylene fabric [70] and the grafting of vinyl benzyl trimethyl ammonium chloride onto 
nylon-6 fabric [109]. An increase in the roughness and heterogeneity of the surface structure 
with increased degree of grafting was observed for amidoximation of acrylonitrile grafted onto 
polypropylene [169], methacryloyloxyethyl phosphates grafted onto ePTFE membranes [321] 
and acrylic acid grafted onto cannabis fiber [194]. 
 SEM analysis has also been used to investigate radiation damage or other unwanted 





Figure 66. Winged nylon fabric irradiated in air-saturated water with electron beam to 163 kGy 
in the absence of monomer. 1100x magnification; 15 kV.  
 
Figure 67. Winged nylon fabric irradiated in air-saturated water with electron beam to 163 kGy 




Figure 68. Winged nylon fabric grafted to 53% with B2MP in ethanol. Irradiation with Co-60 at 
10 kGy/hr to 40 kGy total dose. 5000x magnification; 15 kV.  
 
Figure 69. Winged nylon fabric grafted to 53% with B2MP in ethanol. Irradiation with Co-60 at 




Figure 70. Winged nylon fabric grafted to 99% with B2MP in ethanol. Irradiation with Co-60 at 
10 kGy/hr to 40 kGy total dose. 250x magnification; 15 kV.  
 
 Figure 66 and Figure 67 represent an untreated sample of nylon-6 fabric irradiated to high 
dose (163 kGy) in air-saturated water with electron beam. The appearance of the fibers is smooth 
with no observable degradation. An effort was made to visualize the surface grooves and 
channels that were described by the manufacturers of the Winged™ fabric, however; such 
structures were not observed with SEM.  
 Figure 68 shows a Winged nylon fiber grafted to 53% degree of grafting in ethanol. The 
most notable observation is the presence of spherical particles, most of them clearly attached to 
the surface of the fibers. These structures are not visible on the irradiated, un-grafted nylon 6 
fabric. These particles can also be observed with Figure 69 which features the same grafted 
fabric sample at a lower magnification. The spherical particles can be seen distributed across the 
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fibrous fabric surface and, in many cases, clustered together. Despite the presence of these 
structures, the morphology of the fabric itself is still clearly visible.  
 Even more remarkable is the surface morphology of Figure 70, which shows a nylon 
fabric grafted with B2MP to 99% degree of grafting in ethanol. In this case, the spherical 
particles dominate the surface of the fabric and appear to coat the individual fibers in a thick 
layer.  A further increase in degree of grafting to 1252% in ethanol reveals significant surface 
modification which drastically obscures the original morphology of the nylon fabric (Figure 73).   
 A review of the literature suggests that the morphology observed by grafting B2MP onto 
Winged nylon is not conventional. As stated previously, most graft-polymerization is manifested 
by a swelling of the trunk fiber or a general roughening of the polymer surface. The existence of 
the polymer microspheres could be explained by emulsion or precipitation polymerization, 
however; such structures are rarely reported in the radiation grafting literature.  
An example of a similar microstructure is provided in a publication by Wentrup-Byrne et 
al. who performed SEM analysis of methacryloxyethyl phosphate (MOEP)-grafted PTFE 
membranes [81]. The monomer MOEP is structurally similar to B2MP but differs in that MOEP 





Figure 71. (Left): Methacryloxyethyl phosphate (MOEP) [81]. (Right): bis(2-methacryloxyethyl) 




The authors of the paper observed a granular morphology for MOEP grafted onto PTFE 
in methyl-ethyl ketone (MEK) which became more pronounced with increased monomer 
concentration. SEM analysis revealed that the structure of the PTFE was completely obscured by 
the granular structure. Similar analysis of MOEP grafted with methanol did not reveal a granular 
structure, which led the authors to conclude that this microstructure was an effect of solvent 
properties, not the monomer concentration or degree of grafting [81]. Specifically, the authors 
have attributed the microstructure to a lack of solubility of MEOP in MEK, resulting in phase 
separation.  
Also similar to the work in this thesis was the observation of viscous gels after irradiation 
with the effective solvent (methanol) and a turbid solution after irradiation with the non-solvent 
(MEK). Large amounts of precipitated homopolymer were also observed. Further SEM analysis 
of the homopolymer revealed similar morphologies to the granular structure obtained by grafting 
in MEK.  
 A notable possibility is that ethanol is an effective solvent for B2MP monomer but a poor 
solvent for B2MP polymerized to higher molecular weights (homopolymer), while water is a 
poor solvent for both monomeric B2MP and B2MP homopolymer. In this case, the precipitate 
(homopolymer) would still continue to be formed during irradiation despite initial solubility. 
This phenomena is the basis for the precipitation polymerization.   
Multi-functional monomers, such as B2MP, are often utilized to promote crosslinking. 
Section 3.1 describes the crosslinking of poly-vinyl monomers which have been reported by 
Nagaoka et al. to successfully undergo radiation-induced precipitation polymerization in the 
absence of additional crosslinkers or additives [325]. Although no studies regarding 
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“precipitation grafting” have been reported, it is possible that the observed surface morphology is 
a result of the emulsion (in water) or precipitation (in ethanol) polymerization of B2MP and 
subsequent bonding of the formed polymer microspheres to the Winged nylon substrate.  
 This proposed mechanism may also explain why higher degrees of grafting are generally 
obtained using water rather than ethanol, and why extraction performance decreases at very high 
degrees of grafting. The non-solvent properties of water result in a larger amount of precipitate 
reaching the substrate surface when compared to the amount produced in ethanol. In the case of 
high monomer concentration, the homopolymerization reactions (M• + •M → M-M; M• + M → 
M-M•) predominate, forming spheres or thick layers of monomer which graft to the substrate but 
otherwise obscure the surface morphology of the fabric and drastically reduce the surface area.  
 Irradiation with ethanol to high doses results in formation of a gel within the 
monomer/solvent mixture. The increased viscosity of the gel limits precipitation of the monomer 
and hence, contact of the homopolymer with the substrate. This could also explain the reduced 
amounts of homopolymer observed when grafting with ethanol.   
  
5.5.4 Energy Dispersive X-Ray 
 
 Energy Dispersive X-ray (EDS) analysis was performed on two B2MP-grafted Winged 
nylon fabrics, one grafted control sample (Figure 72) and another after contact with synthetic 
seawater containing 3.25 ppb 233U (Figure 74). The goal was to investigate the identity and 




Figure 72. Energy-dispersive x-ray spectra for B2MP grafted onto Winged nylon-6 (degree of 
grafting 99%, Figure 70).  
 
 Figure 72 represents the energy-dispersive x-ray spectra obtained for the grafted sample 
in Figure 70 (99% degree of grafting). All four non-hydrogen elements which compose the co-
polymer of B2MP grafted onto Winged nylon (carbon, nitrogen, oxygen and phosphorus) were 
detected. Figure 74 and Table 16 summarize the results of simultaneous SEM imaging and EDS 
elemental analysis of an adsorbent grafted to 1252% (Figure 73). The location of the green “+” 




Figure 73. SEM image corresponding to EDS analysis. Winged nylon grafted with B2MP to 
1252% degree of grafting in ethanol. Image taken of dry fabric after contact with 233U-spiked 





Figure 74. Energy dispersive x-ray spectra for B2MP grafted onto Winged nylon-6 (1252 %) 
after contact with 3.2 ppb 233U in synthetic seawater for 4 hours. Aluminum peak attributed 










Table 16. Elemental composition of B2MP grafted onto Winged nylon-6 (1252 %) after contact 
with 3.2 ppb 233U in synthetic seawater for 4 hours.  
Element Wt (%) on grafted fabric Atom (%) on grafted fabric Error (%) 
Carbon 33.6 44.8 5.5 
Chlorine 7.2 3.2 0.3 
Magnesium 5.5 3.6 0.4 
Sodium 5.2 3.6 0.4 
Uranium 1.7 0.12 0.1 
Phosphorus 3.5 1.83 0.2 
Calcium 1.1 0.44 0.1 
Oxygen 42.2 42.3 7.0 
 
 The EDS spectrum (Figure 74) reveals peaks for Carbon, Oxygen, Chlorine, Magnesium, 
Sodium, Uranium, Phosphorus, Calcium and Aluminum. The aluminum peak is attributed to 
signals from the sample holder and was not included in Table 16. The contributions of carbon 
and oxygen are not informative due to the high presence of these elements in both the grafted 
adsorbent (B2MP and nylon-6) and in seawater compounds. The spectrum revealed a single 
weak peak consistent with the Mβ line for uranium, but no corresponding Mα peak was shown.  
The presence of phosphorus is most likely due to contributions from the grafted 
adsorbent and not from phosphorus in seawater, while the remaining elements detected in the 
sample (chlorine, magnesium, sodium, uranium and calcium) are almost certainly due to 
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contributions from seawater. Chlorine (Cl-) and sodium (Na+) are by far the most abundant ions 
in seawater [326]. Magnesium (Mg2+) and calcium (Ca2+) are also among the most abundant ions 
in seawater and contributed to 3.6 and 0.44% of the adsorbent by atom fraction, respectively. 
The presence of these elements on the adsorbent at high concentrations indicates that these 
elements compete with uranium for binding sites on the adsorbent.  
Although only the elements listed in Table 16 were abundant enough to be detected on 
the adsorbent, is likely that uranium may compete with additional metal ions present in seawater. 
For example, other studies involving amidoxime-based ligands have reported comparable 
distribution coefficients between uranium and the metals lead, iron, cobalt and nickel [264].  
These interactions could be investigated further with additional analysis with SEM/EDS. 
It should be noted that these values are representative only of the region analyzed with 
energy-dispersive x-ray and not of the entire adsorbent. A more comprehensive study would 
include an elemental mapping of the cross-section of an adsorbent both before and after contact 
with the 233U-spiked synthetic seawater. A change in ion concentration throughout the depth of 
the adsorbent would reveal whether the sorbed ions are concentrated near the surface or are 
evenly distributed throughout the depth of the grafted fabric. Similarly, this same analysis could 
also reveal the distribution of phosphate functional groups throughout the depth of the grafted 
fabric.  
 The relatively low abundance of uranium on the adsorbent compared to that of competing 
ions may also explain the low adsorption capacity of the grafted fabric for uranium at natural 
uranium concentrations. The highest sorption capacities observed during extraction testing were 
in the range of 65 to 80%, leaving between 20 and 35% of the 233U spike remaining in the 
seawater solution. The possibility of saturation of surface sites by competing ions may explain 
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why a plateau in uranium loading capacity was observed after several hours. To investigate this 
possibility, a study involving the kinetics of uptake of these competing ions on the adsorbent 
could be performed.  
The adsorption of 233U from synthetic seawater was shown to correlated well with the 
pseudo-second-order kinetic model (Section 5.4.3), indicating that the dominant mechanism of 
adsorption of uranium was complexation with reactive sites on the adsorbent. The adsorption 
mechanisms of the competing ions (sodium, chlorine, magnesium and calcium) on the grafted 
adsorbent is not known and could be due to either physical or chemical mechanisms. Several 
studies regarding the extraction of metals from seawater have investigated the adsorption 
mechanisms of ions in competition with the primary ion of interest.  
Should the work undertaken in this dissertation be continued, a kinetic study of the 
adsorption of sodium, chlorine, magnesium and calcium could be performed through a similar 
radiotracer technique to determine the mechanism of adsorption and time-to-maximum loading 
of these elements. Alternatively, such elemental analysis could also be performed with ICP-MS. 
Should kinetics studies of these elements also reveal a plateau in ion loading within several 
hours, saturation of reactive sites on the adsorbent surface could likely be due to contributions 
from these elements. 
Another experiment that may provide insight into this phenomenon would involve 
substantially increasing the concentration of 233U in the synthetic seawater solution. This should 
increase the competitiveness between the highly-abundant ions and 233U. Although a higher 
concentration would likely reduce the fraction of uranium removed from the solution, the overall 




Chapter 6. Conclusions 
 
 A polymeric adsorbent for uranium based on radiation-induced grafting was fabricated, 
optimized, tested and characterized. After grafting various vinyl phosphate monomers onto two 
polymeric substrates, the adsorbent of the highest degree of grafting was determined to be based 
on a phosphate-containing poly-acrylate monomer (bis(2-methacryloxyethyl)phosphate) (B2MP) 
grafted onto Winged nylon-6 fabric. The effects of radiation dose, dose rate, solvent, purging gas 
and monomer concentration on the degree of grafting were investigated under conditions of both 
electron beam and gamma irradiation. Grafting was confirmed via FTIR and Raman 
spectroscopy and the morphology investigated with SEM/EDS. Adsorbents grafted to various 
degrees of grafting were tested in a solution of synthetic seawater spiked with 3.3 ppb 233U 
(natural uranium concentrations) to determine distribution coefficients for uranium as well as 
uranium loading capacities. The contact times and temperatures of extraction were also varied to 
investigate the kinetics and thermodynamics of uranium loading onto the grafted adsorbents.  
 Fabrication of the adsorbent involved preliminary grafting of the candidate phosphate-
containing monomers to the candidate Winged fabric substrates. Two ultra-high surface area 
fabrics, Winged polypropylene and Winged nylon-6, were tested for grafting capacity using both 
the indirect and direct grafting methods. Despite successful grafting of vinyl phosphate 
monomers onto both fabrics, Winged polypropylene exhibited embrittlement and discoloration 
after irradiation at the range of doses and dose rates necessary to obtain high degrees of grafting. 
Winged nylon was selected as the polymer substrate for further testing after showing no visible 
changes upon irradiation.  
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Five phosphorus-containing vinyl monomers were grafted onto Winged nylon-6 in both 
water and ethanol. The degrees of grafting obtained with the four mono-functional monomers did 
not exceed 14.1% in either solvent. Degrees of grafting obtained with the poly-functional 
monomer B2MP exceeded 80% in both solvents. For this reason, B2MP was selected for all 
future testing.  
Radiation grafting was performed using both the indirect (pre-irradiation) and direct 
(simultaneous) methods. The direct method was selected for future adsorbent synthesis after 
displaying higher degrees of grafting at lower doses and with less consumption of time and 
materials when compared to the indirect method.  Preliminary experiments with B2MP grafting 
onto Winged nylon identified water and ethanol as the two solvents which produced the highest 
degrees of grafting. Water was determined to be a non-solvent for B2MP after rapid phase 
separation of the monomer from the solvent was observed upon mixing, with large amounts of 
homopolymer precipitate formed upon irradiation of the unstable monomer mixture. Although 
ethanol showed complete solubility of B2MP prior to irradiation, the homopolymer formed also 
underwent precipitation upon irradiation. 
Interestingly, the homopolymer precipitate formed in the solution upon irradiation was 
shown to bond with the substrate rather than inhibit the grafting reaction as observed in most 
radiation grafting studies. Degrees of grafting were shown to increase with increasing monomer 
concentration for B2MP grafted onto Winged nylon in water, ethanol and water with surfactant 
(Tween 20). The synthesis of these grafted fabrics revealed a visible trend in surface morphology 
with increasing degree of grafting, particularly the transition of the appearance of the grafted 
Winged nylon samples from smooth and seemly un-altered (0 to 60%) to thicker and slightly 
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heterogeneous (61 to 100%) and finally the addition of visible hard spheres or layers of 
homopolymer (>100%).   
The optimization of irradiation variables was performed using both the University of 
Maryland’s 1-9 MeV pulsed electron beam linear accelerator (LINAC) and 100 kCi Co-60 
gamma irradiator. Irradiation times for Co-60 irradiation of water-based samples were shown to 
be too long to observe trends in total dose. This was attributed to the rapid precipitation of 
monomer from the aqueous solution and was accounted for by performing irradiation with 
electron beam at high dose rates, reducing the irradiation time by two orders of magnitude. This 
technique revealed a steady increase in degree of grafting until a plateau was reached after 40 
kGy of absorbed dose. Irradiation of ethanol-based samples with Co-60 also revealed an increase 
up to approximately 40 kGy, indicating that doses above value are not necessary to obtain high 
degrees of grafting using both water and ethanol as solvents. Adding the surfactant Tween 20 to 
aqueous samples was not shown to increase degree of grafting, nor was it shown to form a stable 
emulsion. Dependence of degree of grafting on dose rate was observed with electron beam for 
water-based samples and with Co-60 for ethanol-based samples. In both cases, degree of grafting 
was shown to be highest for samples grafted at lower dose rates. 
Based on the results of optimization testing, adsorbents for characterization and 
extraction testing were all produced via Co-60 irradiation of B2MP onto Winged nylon at 10 
kGy/hr to 40 kGy in pure ethanol. The degrees of grafting of the adsorbents were varied by 
adjusting the concentration of B2MP. Under these conditions, degrees of grafting between 0 and 
150% were easily obtained for B2MP concentrations in the range of 0.05 to 0.3 M.  
The capacity of the adsorbents for extracting uranium from seawater was assessed using 
testing solutions composed of synthetic seawater spiked with 233U to 3.3 ppb, simulating the 
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natural uranium concentration of Earth’s oceans. This is notably different from most published 
works involving uranium extraction in which concentrations of 102 ppb or more are routinely 
used to calculate distribution coefficient and uranium loading. To avoid the complications 
involved with traditional detection of ions of low concentration in a medium of very high total 
dissolved solids, extraction capacity was determined via liquid scintillation counting by 
measuring the change in radioactivity of a 233U-spiked solution before and after contact with the 
adsorbent.  
Extraction capacity of the adsorbents was quantified by determining their distribution 
coefficients (kd) for uranium as well as their uranium loading capacity under various conditions. 
Distribution coefficients were in the range of 102 to 104 mL/g for adsorbents contacted with 
synthetic seawater spiked with 3.25 ppb 233U. Although these values are several orders of 
magnitude lower than those obtained by the highest-performing adsorbents in other studies, a 
comparison between the effectiveness of the proposed adsorbent vs. the effectiveness of existing 
adsorbents cannot be made without testing at higher concentrations of uranium or in larger 
solution volumes.  
The distribution coefficients of adsorbents grafted in ethanol to degrees of grafting 
between 0 and 292% were derived and plotted. An increase in kd with increasing degree of 
grafting was observed until approximately 75%, at which point the values for kd remained 
constant until at least 150%. Adsorbents grafted to 292% revealed very poor distribution 
coefficients. These results suggest that the dependence of extraction capacity on degree of 
grafting may be attributed to an increase in phosphate functional groups through the range of 0 to 
75%, followed by a decrease in adsorbent surface area caused by increasing homopolymer 
formation on the surface of the nylon fabric.  
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Time-dependent sorption of 233U was studied for two sets of adsorbents, one grafted to 
46% and another grafted to 104%. The first set (46%) revealed a slow increase in distribution 
coefficient over the study period (480 minutes) while the second set (104%) showed a rapid 
increase in kd followed by a plateau between 120 and 480 minutes. The data from both sets were 
compared to three kinetic models: the pseudo-first-order model, the pseudo-second-order model 
and the intra-particle diffusion model. Both sets corresponded well with the pseudo-second-order 
model, indicating the rate-limiting adsorption step as chemisorption, likely the complexation 
reaction between the uranium and the grafted phosphate. Extractions performed at 3.1, 22.3 and 
39.1 °C revealed that loading of 233U on the adsorbents were shown to be highest when the 
extraction was performed at greater temperatures.   
Functional group analysis was performed on the adsorbents as well as the virgin Winged 
nylon using FTIR (in attenuated total reflectance mode) and confocal Raman spectroscopy. A 
comparison between un-irradiated (virgin) Winged nylon to Winged nylon irradiated in water 
revealed no observable chemical changes using both FTIR and Raman, even after irradiation to 
very high doses. This suggests that, for irradiation and grafting with electron beam, oxidation of 
the nylon substrate was not a concern even in somewhat aerobic conditions. Also compared were 
virgin Winged nylon along with Winged nylon grafted with B2MP to low (30.4%), intermediate 
(50.3%) and high (136.5%) degrees of grafting. Changes that occurred upon grafting included 
decreases in the amide (C-N, C=O at 1633 cm-1, N-H) and aliphatic (C-C, CH2) bands 
representing the components of nylon-6 and an increase in bands associated with the monomer 
B2MP (C=O at 1724 cm-1, P=O, P-O, C-O-C, CH3). These changes correspond well to FTIR and 
Raman spectra discovered in the literature which describe nylon-6 as well as monomers 
structurally similar to B2MP.  
248 
 
Energy-dispersive X-ray analysis was performed for B2MP grafted onto Winged nylon 
after contacting the adsorbent with 233U-spiked synthetic seawater. Elemental analysis of the 
adsorbent surface revealed several elements abundant seawater. These included chlorine, 
sodium, magnesium, and calcium – elements which are present in seawater at concentrations 
greater than one million times that of uranium. The presence of these elements on the adsorbent, 
combined with the plateau in uranium sorption capacity observed for all adsorbents, indicates 
that uranium exists in competition with other seawater elements for reactive sites.   
Analysis of the adsorbent surface with scanning electron microscopy revealed a 
morphology that is not commonly reported in the literature for graft copolymers. The smooth, 
three-dimensional fibrous structure of the virgin Winged nylon fabric was clearly visible with 
SEM and confocal Raman while analysis of Winged nylon grafted with B2MP revealed polymer 
microspheres on the surfaces of the fibers. These particles were observed to increase in number 
with increasing degree of grafting on the fiber surface. At very high degrees of grafting, the 
grafted fibers appeared to be obscured by a coating of the polymer microspheres, likely yielding 
a decrease in surface area of the absorbent.  
Although this morphology is not commonly observed for graft co-polymerization, similar 
results were reportedly obtained when grafting the mono-functional monomer methacryloxyethyl 
phosphate onto PTFE (Section 5.5.3). The authors of this work attributed the spherical particles 
to homopolymer formed upon precipitation of the monomer from the solvent. Likewise, the 
formation of homopolymer microspheres observed for B2MP grafted onto Winged nylon could 
be explained via the mechanisms of emulsion polymerization (for adsorbents grafted in water) 
and precipitation polymerization (for adsorbents grafted in ethanol), although this has not been 
proven experimentally. The mechanism behind the bonding of these microspheres to the polymer 
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substrate is also unknown (nor has a review of the literature revealed any similar behavior) but 
may be due to crosslinking between sites on the surfaces of the polymer microspheres. These 
mechanisms are discussed in Sections 5.3.3 and 5.5.3. 
 
6.1 Future Work 
 
Should investigation of the proposed adsorbents be continued in the future, there are several 
recommendations which could serve to improve the adsorbent, prepare the adsorbent for full-
scale testing or better understand the mechanisms behind the synthesis of the adsorbent. A list of 
these recommended tasks are as follows. 
• Graft B2MP onto different polymer substrates (such as polyethylene) which may provide 
higher degrees of grafting, greater radiation stability or more favorable mechanical 
properties 
• Perform 233U extraction testing on adsorbents fabricated in water, as opposed to ethanol 
• Perform SEM analysis on adsorbents fabricated in water, as opposed to ethanol 
• Perform uranium extraction testing at higher uranium concentrations to enable 
comparison of the grafted adsorbents with competing technology 
• Perform pH-dependent uranium extraction studies 
• Perform uranium extraction studies in the presence of microorganisms to simulate the 
effects of biofouling on the performance of the adsorbents 
• Use gel permeation chromatography or dynamic light scattering to compare the 
molecular weight distribution and polydispersity of B2MP microspheres produced by 
polymerization in water and ethanol 
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• Investigate the mechanisms by which the B2MP microspheres attach to the nylon 
substrate 
• Use a universal testing machine to compare the mechanical properties of virgin, 
irradiated and B2MP-grafted Winged nylon 
• Perform temperature-controlled irradiations to determine the effects of increased 
temperature on degree of grafting 
• Perform FTIR and Raman spectroscopy on Winged nylon subjected to gamma irradiation 
to assess extent of oxidation 
• Develop a strategy for up-scaling the adsorbent production process 
• Develop strategy for elution and regeneration of the adsorbent 
• Test regenerative capacity of adsorbent after multiple elution/sorption cycles 
• Consider the applicability of the technology towards other applications 
o Extraction of rare earths or other desirable minerals from seawater 




6.2. Significance of Work 
 
The radiation-induced grafting of the di-functional monomer bis(2-methacryloxyethyl) 
phosphate (B2MP) onto Winged nylon-6 fabric was demonstrated with both electron beam and 
Co-60 gamma radiation. The proposed adsorbent can be synthesized in the absence of catalysts, 
initiators, stabilizers and purging gases via a simultaneous irradiation and grafting process using 
either water or ethanol. The irradiation conditions needed for synthesis are typical of most 
commercial radiation processing applications using electron beam linear accelerators and high-
activity gamma irradiators.  
An alternative method for determining the extraction efficiency of the grafted adsorbents 
was developed and utilized with the purpose of testing the adsorbents in seawater at natural 
uranium concentrations.  Testing was performed using synthetic seawater spiked with a 233U 
radiotracer.  This enabled the determination of uranium concentrations using liquid scintillation 
counting rather than conventional methods which feature an inadequate detection limit and poor 
compatibility with seawater. 
 The adsorbent has been shown to remove uranium from synthetic seawater spiked with 233U 
to natural uranium concentrations (~3.3 ppb). The relationship between degree of grafting and 
extraction performance, the kinetics of uranium loading and the temperature dependence of 
extraction were all determined using this method. The highest distribution coefficient and 
uranium loading obtained in this work were 1.22 × 104 mL/g and 1.0 × 10-2 mg-U/g-adsorbent, 
respectively.  Although these values are lower than those reported for the highest-performing 
adsorbents described in the literature, comparing the effectiveness of this adsorbent to those 
produced in other studies is not straightforward due to the substantial differences in uranium 
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concentrations and solution volumes used for testing. A more thorough comparison of this 
adsorbent to competing adsorbents would require additional testing at either increased uranium 
concentrations or larger seawater volumes. 
 Aside from the development of an adsorbent, several other significant observations were 
made in the course of this study. For one, the monomer B2MP was polymerized and grafted with 
electron beam and gamma radiation in water and several alcohols. At this time, no other 
application of this specific monomer or its response to radiation has been described.  
Additionally, SEM analysis of the grafted adsorbents revealed a unique surface morphology of 
which a mechanism has also not yet been described in the literature. Addressing these 
developments, as well as the suggested continuation of uranium extraction testing at higher 
concentrations, could be the framework of a future study which could further address the 
applicability of the proposed adsorbent towards commercial extraction of uranium from 
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